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Abstract
Hydrogen-related defects in single-crystal ZnO and rutile TiO2 are investigated
by means of infrared absorption, Raman scattering, photoluminescence and
photoconductivity.
Four different defect centers in ZnO are considered: bond-centered hydrogen
(HBC), hydrogen bound within the oxygen vacancy (HO), hydrogen molecules,
and a defect, which gives rise to a local vibrational mode at 3326 cm−1.
The measurements identify HBC as a shallow donor with an ionization energy
of 53 meV. The internal 1s→ 2p transition of HBC is detected at 330 cm−1 in
the Raman scattering and photoconductivity spectra. The decay of an exciton
bound to HBC results in the photoluminescence line at 3360.1 ± 0.2 meV.
The local vibrational mode of the O–H bond for bond-centered hydrogen has a
frequency of 3611 cm−1 (H-I) and an effective charge of 0.28±0.03e. It is found
that bond-centered hydrogen is unstable against annealing at 190 ◦C due to
diffusion and trapping by other defects. The dominant sink is the hydrogen
molecule.
It is demonstrated that the well-known I4 photoluminescence line at
3362.8 meV is due to the recombination of excitons bound to the HO donor.
The ionization energy of the HO donor is determined to be 47 meV. The
1s → 2pz(2pxy) electronic transition of HO is detected at 265 cm−1 in pho-
toconductivity spectra. The formation of HO occurs via trapping of HBC at
vacancies left by out-diffusing oxygen.
It is shown that sub-band gap illumination leads to an intensity reduction of the
O–H local vibrational mode at 3326 cm−1 and the appearance of a previously
unreported infrared absorption line at 3358 cm−1. The signals are identified
as stretch modes of an O–H bond associated with the same defect in different
charge states. The measurements indicate that this defect has a deep level
in the band gap of ZnO at roughly Ec − 1.7 eV. Additionally, results on the
thermal stability, uniaxial stress response, and temperature dependence of the
transition rates between the two charge states of this defect are presented.
Interstitial hydrogen in rutile TiO2 is studied by infrared absorption. It is
shown that the defect is a shallow donor with an ionization energy of 10 meV.
The absorption lines at about 3290 cm−1 consists of local vibrational modes
due to the neutral and the positive charge states of the donor with relative
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intensities depending on the measurement conditions. In the neutral charge
state, the defect reveals two modes at 3288.3 and 3292 cm−1 (10 K), whereas
the positive charge state has a vibrational mode at 3287.4 cm−1. An unknown
hydrogen complex was found to contribute to the 3288 cm−1 feature.
Kurzfassung
In dieser Arbeit werden Wasserstoff-korrelierte Defekte in einkristallinem
ZnO und Rutil-TiO2 mittels Infrarotabsorption, Raman-Streuung, Photolu-
mineszenz und Photoleitfähigkeit untersucht.
Vier verschiedene Wasserstoff-korrelierte Defekte in ZnO werden betrachtet:
bindungszentrierter Wasserstoff (HBC), Wasserstoff gebunden an einer Sauer-
stoffvakanz (HO), Wasserstoffmoleküle und ein Defekt, der zu einer Schwing-
ungsmode bei 3326 cm−1 führt.
HBC wird als ein flacher Donator mit einer Ionisationsenergie von 53 meV
identifiziert. Der elektrische 1s → 2p Übergang von HBC bei 330 cm−1
wird mittels Raman-Streuung und Photoleitfähigkeit nachgewiesen. Der Zer-
fall an HBC gebundenen Exzitonen resultiert in einer Photolumineszenzlinie
bei 3360.1 ± 0.2 meV. Die lokale Schwingungsmode der O–H-Bindung des
bindungszentrierten Wasserstoffs hat eine Frequenz von 3611 cm−1 (H-I).
Bindungszentrierter Wasserstoff ist auf Grund von Diffusion und des Bindens
an andere Defekte bei 190 ◦C instabil. Die dominierende Senke ist das Wasser-
stoffmolekül.
Es wird gezeigt, dass die I4-Photolumineszenzlinie dem Zerfall von Exzitonen
gebunden an HO zuzuordnen ist. HO ist ein flacher Donator mit einer Ionisa-
tionsenergie von 47 meV. Der 1s → 2p Übergang von HO bei 265 cm−1 wird
mittels Photoleitfähigkeit nachgewiesen. Die Bildung von HO geschieht durch
die Bindung von HBC an Sauersoff-Fehlstellen, die durch das Ausdiffundieren
von Sauerstoff aus Zinkoxid entstehen.
Weiterhin wird festgestellt, dass eine Beleuchtung der ZnO-Proben zu einer
Intensitätsverringerung der O–H Schwingungsmode bei 3326 cm−1 und der In-
duktion einer bisher unbekannte Infrarotabsorptionslinie bei 3358 cm−1 führen
kann. Die Signale sind Moden von O–H Bindungen des selben Defekts in ver-
schiedenen Ladungszuständen. Die Messergebnisse implizieren, dass der Defekt
ein elektronisches Niveau etwa 1.7 eV unter der Leitungsbandkante hat. Zusät-
zlich werden die Ergebnisse von Untersuchungen der thermischen Stabilität des
Defekts und des Einflusses gerichteten Drucks sowie der Temperaturabhängig-
keit der Übergangsrate zwischen den zwei Ladungszuständen präsentiert.
In rutilem TiO2 wird interstitieller Wasserstoff untersucht. Es wird
nachgewiesen, dass der Defekt ein flacher Donator mit einer Ionisationsenergie
3
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von 10 meV ist. Die Absorptionsbande bei 3290 cm−1 besteht aus Schingungs-
moden des neutralen und des positiven Ladungszustandes des Donators, wobei
die relativen Intensitäten von den Messbedingungen abhängen. Im neutralen
Ladungszustand zeigt der Defekt zwei Schingungsmoden bei 3288.3 cm−1 und
3292 cm−1 (10 K), während der positive Ladungszustand eine Mode bei 3287.4
cm−1 hervorruft. Weiterhin trägt die Mode eines unbekannten Wasserstoffkom-
plexes zur 3288 cm−1 Bande bei.
Chapter 1
Introduction
Hydrogen is a common impurity in most semiconductors that strongly affects
the properties of its host. In terms of its electrical characteristics interstitial
hydrogen (Hi) can act in two ways. In some semiconductors like Si, GaAs,
or GaN, hydrogen shows an amphoteric behavior, that is, it can occur either
as a donor (H+) or an acceptor (H−), compensating the prevailing conductiv-
ity. In contrast, there is strong evidence that H exclusively acts as a shallow
donor in materials like ZnO and SnO2 [1]. Due to its high reactivity, hydrogen
can also bind to native defects, other impurities, or extended defects. In this
process, the electrical and optical properties of the semiconductor are often
substantially changed. The resulting hydrogen complex formation may lead to
a passivation or an activation of electrically active defects. Hydrogen may also
interact with itself, thus forming H2 molecules. Molecular hydrogen is electri-
cally inactive, but may be converted into active centers in the course of sample
processing. Besides its influence on the electronic structure of the semiconduc-
tor host, hydrogen can have a significant impact on structural properties. For
instance, hydrogen can lead to blistering as used in the smart-cut R© process
for the fabrication of silicon-on-insulator layers [2] or affect the diffusivity or
solubility of other impurities [3].
ZnO and TiO2 belong to the class of wide band gap metal oxides. Both semi-
conductors offer a wide range of potential applications. The optical and elec-
trical properties of these materials are, however, influenced by a variety of
intrinsic and extrinsic defects. Hydrogen is a common impurity in ZnO and
TiO2. In fact, the understanding of the behavior of hydrogen in these solids is
crucial for various technological developments. Despite considerable progress
in the last decades, the physics of hydrogen in semiconductor oxides is still
an area of active research. In the present study, hydrogen-related defects in
single-crystal ZnO and rutile TiO2 are investigated by means of infrared ab-
sorption, Raman scattering, photoluminescence and photoconductivity. The
motivation was to reveal the microscopic structure and electrical properties of
hydrogen defects in both materials.
ZnO is a wide-gap semiconductor which has been extensively investigated.
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Current research activity is primarily driven by the hope that ZnO can be em-
ployed in future optoelectronic devices, spintronic applications, or as a trans-
parent conductive oxides (see Ref. [4] and references therein). A major part
of the potential devices requires a precise control over the doping of the ZnO
material. In this regard the main drawback which hinders the progress of ZnO
applications is the natural doping asymmetry: zinc oxide allows high-level
donor doping, whereas reliable p-type conductivity of the material is hard to
achieve.
The difficulty in p-type doping can be attributed to a variety of reasons. (i)
Possible acceptor dopants have low solubility limits in ZnO and/or form deep
acceptor states in the band gap. In both cases the dopants do not generate
a significant p-type conductivity. (ii) A high level of intrinsic or extrinsic
“background” donors may lead to a neutralization of possible acceptor levels. In
fact, as-grown ZnO usually exhibits a natural n-type conductivity which would
have to be overcompensated by the acceptor dopants. (iii) Acceptor defects can
be passivated by unintentional hydrogen impurities to form acceptor-hydrogen
complexes. The present thesis will deal with the last two aspects.
There is an ongoing dispute on the microscopic nature of the unintentional
shallow donor defects in as-grown ZnO. Tradionally, intrinsic point defects such
as oxygen vacancies or zinc interstitials were discussed [5, 6], but more recent
studies cast doubt on these possibilities [7–9]. First-principles calculations
performed by Van de Walle and Janotti [1, 10] showed that hydrogen can act
as a shallow donor and might be responsible for the native n-type conductivity
of ZnO. In fact, several experimental studies demonstrated the existence of
hydrogen induced shallow donors [11–16]; however, the nature of the hydrogen-
related donors is still unknown. In the present work, two hydrogen shallow
donors are identified: bond-centered hydrogen (HBC) and hydrogen bound
within the oxygen vacancy (HO).
As to the passivation of possible acceptors by hydrogen, numerous studies
have contributed to the understanding of the microscopic structure of these
acceptor-hydrogen complexes [17–23]. A number of issues remains contro-
versial. The zinc vacancy forms a deep double acceptor, thus compensating
shallow impurities. However, unambiguous spectroscopic evidence for the zinc
vacancy partly passivated by one hydrogen atom, VZnH, has not been reported
to date. The present thesis studies a defect which gives rise to a local vibra-
tional mode at 3326 cm−1 that has been proposed as a possible candidate for
the VZnH complex [24].
TiO2 is a wide band gap semiconductor oxide which can crystallize in the
rutile, anatase, and brookite structures. Rutile TiO2, often simply called ru-
tile or titania, is the stable modification of bulk TiO2. Rutile exhibit unique
chemical, photochemical, and physical properties, qualifying the material for a
wide variety of applications. The major part of the research activity focuses on
the photocatalytic behavior of titania, which may be utilized, for instance, in
photoelectrochemical cells to produce H2 or electricity as well as for water and
7air purification [25–28]. Rutile TiO2 is also regarded as a possible transpar-
ent conductive oxide (TCO) to be used, for example, as transparent electrode
in photovoltaics. Furthermore, doping of rutile can induce room temperature
ferromagnetism, which may enable the development of dilute magnetic semi-
conductors for future spintronic devices [29]. All of these exciting potential
applications are based on the semiconducting properties of TiO2. However,
a profound understanding of the fundamental semiconductor physics of this
material is still missing.
Besides its influence on the electrical or electrochemical properties, hydrogen
in TiO2 has also fascinating structural properties. The most favorable config-
uration of hydrogen in TiO2 is the interstitial site in the center of the empty c
channel of the rutile structure [30,31]. Hydrogen can be incorporated in large
amounts and diffuse through the crystals at comparatively low temperatures
(see [32] and references therein). These properties qualify TiO2 as a material
for solid state H2 fuel cells, storage material or membrane.
Similar to ZnO, as-grown rutile TiO2 crystals exhibit a rather high n-type
conductivity. Hydrogen impurities are discussed as a possible source for the n-
type carriers. Indeed, the donor behavior of H in TiO2 is confirmed by several
experimental and theoretical studies (see e.g. [33–38]). However, ionization
energies of interstitial hydrogen are either not reported or vary drastically.
The present work identifies Hi in TiO2 as a shallow donor defect.
The present thesis is structured as follows: Chapter 2 will give a short intro-
duction to the physics of hydrogen in crystalline semiconductors. The chapter
starts with an overview on hydrogen doping techniques, experimental analy-
sis methods as well as theoretical calculation procedures, and continues with a
survey on the behavior of hydrogen in crystalline semiconductors. The chapter
will be completed with a review on H in ZnO and TiO2. Chapter 3 describes
experimental details, i.e., sample preparation and measurement techniques.
The next three chapters will present the experimental results obtained: Chap-
ter 4 deals with bond-centered interstitial hydrogen HBC, hydrogen trapped
at an oxygen vacancy HO, and H2 molecules in ZnO, which are identified by
a combined study with Raman scattering, IR absorption, photoluminescence
and photothermal ionization spectroscopy. Chapter 5 presents the results of
an IR absorption study of the 3326 cm−1 defect in ZnO. Chapter 6 focuses on
the identification on interstitial hydrogen in TiO2 as a shallow donor. Chapter
7 will summarize the presented results and outline remaining open questions.
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Chapter 2
Basic considerations
As was pointed out in the previous chapter, hydrogen in semiconductors ex-
hibits behaviors which are far from trivial. In particular, the properties of
hydrogen qualitatively differ depending on the host into which it is introduced.
Section 2.1 will focus on general aspects of hydrogen in semiconductors. The
text will concentrate on issues that concern the present thesis. Section 2.2 and
2.3 will present the state-of-the-art knowledge of hydrogen in ZnO and TiO2,
respectively.
2.1 General aspects of hydrogen in semiconductors
2.1.1 Hydrogenation methods
Hydrogen is often unintentionally incorporated into the semiconductor lattice
during crystal growth or sample treatment. However, for the purpose of in-
dustrial semiconductor processing or scientific investigations, an intentional
injection of hydrogen is needed. Several common methods are available for
achieving this objective, for instance, exposure to an H plasma, H ion implan-
tation, annealing in H2 gas, and electrochemical incorporation. The following
survey will briefly summarize the most important techniques. Additional de-
tails on hydrogenation methods used in the present work will be given in the
experimental sections of the respective studies.
Probably, the most manageable technique for hydrogen incorporation is the an-
nealing of the sample in H2 atmosphere. The method results in a homogeneous
doping concentration over the sample surface. The indiffusion of hydrogen into
the solid is a process near to thermodynamic equilibrium. Thus, the amount
of hydrogen in the semiconductor lattice is mainly limited by the solubility of
hydrogen. In some cases, high doping concentrations require high temperature
treatments which may cause substantial surface damage.
Alternatively, the method of hydrogen plasma exposure produces a high sub-
surface H concentration even at low temperatures. Here, the main disadvantage
may be the bombardment by highly-energetic positive and negative ions, neu-
9
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tral atoms, molecules, electrons and photons, which could lead to a measurable
near-surface damage [39]. Other drawbacks are the possible current inhomo-
geneity caused by a field enhancement at the edges and corners of the sample
and potential contaminations due to sputtering of material from the sample
support platform [40]. The hydrogenation systems used by most groups consist
of a quartz tube through which H2 is pumped at a pressure of approximately 0.1
to 1 mbar. The plasma is usually excited by a high constant voltage between
two metal electrodes (dc plasma) or a high-frequency oscillator (ac plasma).
The sample can be placed either directly in the plasma or downstream from
the plasma source (“remote plasma”) in order to reduce surface damage. The
key parameters controlling the subsurface H density during plasma exposure
are the ion energy as well as the flux of the H ions and neutrals (all of them
are sensitive to the gas pressure). Due to the great variety of plasma systems,
quantitative studies are, however, lacking.
Ion implantation is also suitable for achieving a high amount of hydrogen close
to the surface. The control of H+ ion energy, dose rate and exposure time allow
the precise control of the hydrogen depth profile. The main disadvantage is
the extensive surface damage due to particle bombardment.
Injection of hydrogen into the bulk crystal via electrochemical techniques is
rarely used (see e.g. Refs. [41, 42]). The damage-free nature of the methods
benefits practical utilization. On the other hand, the low penetration of hy-
drogen, temperature limitations and, in some cases, the substantial removal of
material restrict a possible application.
2.1.2 Identification of hydrogen in semiconductors
This section will give a brief survey of techniques used in the present work
to identify hydrogen-related defects, namely infrared (IR) absorption, Raman,
photoluminescence and photothermal ionization spectroscopies. No attempt
is made to discuss all aspects of the various characterization methods. Each
section will illustrate the physical principles and discuss its application to the
experiments carried out in the present work. Citations to comprehensive re-
views are given in the text. For the sake of completeness additional techniques
of H detection in semiconductors are summarized in 2.1.2.E.
2.1.2.A IR absorption spectroscopy A very powerful tool of infrared
spectroscopy is the detection of vibrational modes associated with impurities
in a crystal. Local vibration modes (LVMs) occur when the impurity is lighter
than the host atoms. The modes are strongly confined at the impurity atoms,
that is, the atomic motion is primarily localized near the impurity itself and its
nearest neighbors. Particularly, the modes can often be attributed to specific
defect bonds. Due to its small mass, the vibration of hydrogen ions exhibit
frequencies well above the maximum perfect lattice frequency. Vibrational
spectroscopy of these modes provides an excellent method to probe the micro-
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scopic structure and properties of H-related defects. Comprehensive reviews
can be found in [43–45].
The sensitivity of local mode absorption is strongly dependent on the associ-
ated defect. According to Wilson et al. [46] the integrated absorption coefficient
for a LVM is given by
A ≡
∫
α(σ)dσ =
pie∗2N
nrc2µ
, (2.1)
where N is the concentration of defects, n is the refractive index of the host
crystal, c the velocity of light, µ the reduced mass of the defect, σ = λ−1 the
wave number, and e∗ the effective charge of the local mode. The latter is not
related to the static charge on the vibrating impurity, but to the derivative of
the dipole moment with respect to the normal coordinate of the vibrational
mode [43,44]. In particular, not all impurity vibrational modes can be detected
via infrared spectroscopy and IR activity is restricted to vibrations which lead
to a change of the dipole moment of the center.
To excite the LVM, the electric vector of the incident light has to be polarized
along the direction of the dipole moment derivative of the defect. The effect of
the polarization of the light on the vibrational mode intensity provides a possi-
bility to determine structural parameters like the crystallographic orientation
of the defect bonds.
One of the important methods to identify the chemical nature of defect atoms
via vibrational spectroscopy is isotopic substitution. As already mentioned,
both the light impurity and its nearest neighbor take part in the atomic motion
of a local vibrational mode. If the contributions from the motion of second
and further neighbors of the impurity are negligible, the influence of a change
in the masses on the vibrational frequency can be estimated by [47]
ω2 ∝ 1
m
+
1
aM
. (2.2)
Here m is the mass of the impurity, and M is the mass of the neighbor host
atom. The factor a depends on the force constants between the atoms and
is usually about 2 [47]. In this approximation the frequency ratio ω(H)/ω(D)
for the local mode of an O–H bond is ∼1.39. This large frequency shift of the
vibration band provides a fingerprint for H-related complexes.
A possibility to obtain information about electrically active defects by vibra-
tional spectroscopy comes from the change in the vibrational frequencies for
different electronic charge states of the defect. The defect’s charge state in-
fluences the bonding between the vibrating atoms and, thus, the position of
the LVMs in the IR absorption spectra. The charge state can be intentionally
altered by photoionization, thermal ionization or a change in the Fermi-level
position. It is worth mentioning that the strength of the frequency shift due to
the change in the charge state depends on the defect level position in the semi-
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conductor band gap. The wave functions of shallow impurities are extended
over several lattice atoms whereas they are more localized for deep level cen-
ters. Therefore, the LVM frequency shift for the latter case should be much
stronger then for the former one.
Another feature of local vibrational modes can be Fano resonance. In general,
this effect may occur when a transition belonging to a discrete spectrum is
coupled with a continuous spectrum transition. The theory for quantitative
analysis of experimental data was developed by Fano in 1961 [48]. In vibra-
tional spectroscopy Fano resonance becomes important when the LVM falls
in a region of strong free carrier absorption. Then, the Fano effect causes
asymmetric and broadened lineshapes, frequency shifts of the absorption lines,
and dips in the underlying continuum. A standard Fano resonance absorption
spectral shape is described by the following expression,
(q + E−Er∆E )
2
1 + (E−Er∆E )
2
. (2.3)
Here, E is the photon energy, Er is the resonance position and q is the Fano
parameter, which can be positive or negative. The linewidth parameter ∆E
is related to the strength of coupling between the discrete and the continuum
states. The effect of Fano resonance on vibrational modes is reported in several
experimental studies (see e.g. [49]).
IR absorption spectroscopy is an appropriate technique for uniaxial stress de-
pendent studies. Defects in semiconductors may have several crystallograph-
ically equivalent orientations, consistent with the lattice symmetry. In the
unperturbed state, the vibrational levels of defects with equivalent orienta-
tions are degenerate. Uniaxial stress will lower the symmetry of the crystal,
thereby lifting this orientational degeneracy of the center. In addition to ori-
entational degeneracy there may also be degeneracy of the vibrational modes
of an particularly oriented defect which can be lifted due to the applied stress.
Consequently, uniaxial stress will lead to a splitting of the vibrational modes
into a specific number of components. The observed splitting patterns and
the intensity ratios of the components in combination with their polarization
dependence can provide information about the symmetry of the defect. The
stress-induced splitting of defect energy levels have been considered in several
theoretical studies [50–53]. The particular case of wurtzite crystals has been
treated by McGlynn and Henry [54].
In the linear approximation, the frequency of a nondegenerate local vibrational
mode shifts with stress σik as
∆ω =
∑
i,k
Aikσik . (2.4)
Here, Aik is the piezospectroscopic tensor and σik are the components of the
stress tensor. Aik is a symmetric second-rank tensor with the number of in-
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dependent components being restricted by the symmetry of the center. For
hydrostatic pressure, σik = σδik, equation (2.4) becomes
∆ω = σTr(A) . (2.5)
Hence, the hydrostatic shift of a local vibrational mode is given by the trace of
Aik. The trace of a second-rank tensor does not depend on the coordinate sys-
tem. Therefore, Tr(A) can be determined from the uniaxial stress experiments,
provided that the stress pattern is known for three orthogonal directions.
Hydrostatic pressure does not lead to a splitting of local vibrational modes
but a modification of the LVMs frequencies. This shift differs in sign and
magnitude for different hydrogen-related defects or complexes and may be used
to differentiate between centers (see e.g. [55]). Such studies can be helpful when
the centers have similar symmetry. A benchmark for the frequency shift can
be provided by theory.
If the temperature is sufficiently high, the complex can reorient when the
ground state energies associated with different defect orientations have been
perturbed by the application of uniaxial stress. This relaxation process occurs
via thermally activated jumps over a barrier between the differently oriented
configurations and drifts to a population according to a Boltzmann factor.
The distribution of the defect center among its different orientations may be
quantified by polarization dependent measurements. The kinetics of the re-
orientation can yield important information about the microscopic motions of
the defect. In particular, the activation energy of the jumps can sometimes be
related to the migration barrier of the defect.
In LVM spectroscopy sometimes anharmonic terms in the potential of the
vibration have to be considered. Anharmonicity renders overtone and combi-
nation modes possible and affects the frequencies of the vibrational modes.
2.1.2.B Raman spectroscopy Raman scattering can provide informa-
tion about quasi-particle excitations like optical phonons, plasmons or magnons
as well as electronic transitions of a semiconductor. Since the selection rules
for Raman scattering are different from the IR absorption process, Raman
spectroscopy may be regarded as a complementary technique which allows the
symmetry of a complex to be determined. Reviews can be found in [46,56–58].
Raman spectroscopy is based on inelastic scattering of laser light. On the one
hand, the incoming photon may loose energy due to excitation of rotational,
vibrational or electronic states. On the other hand, the photon can gain energy
when an excited mode releases energy to the photon and relaxes to a lower
energy level. The processes are called Stokes and anti-Stokes Raman scattering,
respectively. If the change in the scattering system occurs in quantized energy
levels, the transitions can be detected by distinct lines in the spectrum which
are separated from the laser frequency by a characteristic Raman shift to lower
or higher energies. At low temperatures, the intensity of the anti-Stokes signal
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is small since only few excited states are thermally populated.
The fundamental process of Raman scattering at lattice or local mode vibra-
tions with frequency ωυ can be described within the framework of classical
theory [57, 59]. The electric field EL of the incident light induces a polariza-
tion P = χ(ωL)EL, where χ(ωL) denotes the frequency dependent suscepti-
bility tensor of the crystal. If ωυ is much smaller than the frequency of the
incident or scattered light, the susceptibility χ(ωL) can be expanded in pow-
ers of the normal coordinate u of the particular vibration mode (for instance
see [59]). The first term in the Taylor series yields the elastic scattered light
(Rayleigh scattering). The second term corresponds to first-order scattering
and has components of frequency ω − ωυ (Stokes) and ω + ωυ (anti-Stokes).
The coefficient R ≡ ∂χ∂u of this expansion is also known as the Raman ten-
sor of the respective mode. The intensity of the inelastically scattered light
is proportional to the square of the Raman tensor. The structure of R can
be determined by systematically varying the polarization of the incident and
scattered light. By group theory, the symmetry of the Raman tensors can be
deduced for all vibrational species and point groups (see e.g. [46]). In other
words, polarization dependent Raman measurements on the defect’s local vi-
brational modes provide a means to determine the symmetry of the defect in
the semiconductor host.
Some properties of the Raman scattering process require a quantum mechanical
treatment of the material system. One of the important results of this approach
is the correct ratio of the Stokes and anti-Stokes Raman intensity at ω − ωυ
and ω + ωυ, respectively [58]:
IStokes
Ianti−Stokes
=
(
ω − ωυ
ω + ωυ
)4
e~ωυ/kT . (2.6)
This relation can be used to obtain the local temperature T in the focus of the
laser beam on the crystal.
2.1.2.C Photoluminescence spectroscopy Photoluminescence (PL)
spectroscopy is an optical characterization method which probes the electronic
structure of defects. The technique allows an accurate determination of energy
levels in the semiconductor band gap. A major drawback is, however, that it
is generally difficult to obtain information about the structural and chemical
nature of the defect centers.
The principle of PL spectroscopy is as follows: Photo-excitation causes elec-
trons to move to permissible excited states. Typically, this excitation is
achieved by light higher in energy than the band gap of the semiconductor.
Then, free carriers are generated by lifting electrons from the valence to the
conduction band. Free electrons in the conduction band and holes in the va-
lence band may interact to form excitons. When the system relaxes to its
equilibrium, the excessive energy can partially be released by the emission of
photons. The energy of the emitted light relates to the difference in energy
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levels between the two electron states involved in the transition between the
excited and lower energy states.
A major part of the relevance of PL measurements for defect studies comes
from excitonic recombinations. Excitons that are free to propagate in the
crystal during their lifetime (free excitons) can be trapped by impurities and
defects to become localized (bound excitons). In this process the defect centers
may be neutral or ionized. Generally, the binding energy of an exciton to a
defect depends on the chemical nature of the defect. This feature induces
a splitting of excitonic recombination lines in the PL spectra according to
the decay of excitons bound to different centers. In many semiconductors the
exciton binding energy, EL, shows a linear relationship to the ionization energy
of the defect Ed known as “Haynes rule” [60]:
EL = a+ bEd (2.7)
The parameters a and b can be roughly estimated from theoretical predictions
(see e.g. Ref. [61,62]). Precise values have to be determined from experimental
data. The exciton binding energy, EL, can be obtained from the difference in
the recombination energy of the bound and free exciton lines EL = EFX−ED0X
in the PL spectra, often called “localization energy”. For instance, the validity
of Haynes rule was evidenced in Si [60], CdS [63] or ZnSe [64]. In general, Eq.
2.7 is restricted to shallow level defects and impurities, as long as the chemical
shift is small in comparison to the ionization energy. In ZnO, Haynes Rule
applies for neutral and ionized donor bound excitons [14, 65, 66].
The electronic structure of shallow level states can also be deduced from the
localization of “two-electron satellite” (TES) recombination lines. A TES tran-
sition occurs, when, in the exciton recombination process, the donor electron
or acceptor hole is lifted from the ground to an excited state. The energy
difference between the bound exciton line and the TES line corresponds to the
energy difference between the excited and the ground level of the donor or ac-
ceptor. From this TES splitting energy, the ionization energy Ed of the center
can be approximated assuming that the localized level follows a certain model.
For H-like centers, where effective mass theory can be applied, the energy dif-
ference between n = 1 and n = 2 states is 34Ed. However, the defect levels
can be shifted due to a short range potential of the defect core. This chemical
shift, often called the central cell correction, mainly affects the ground state
and excited states with s-symmetry because for these levels the probability
density of the wave functions near to the defect site is high compared to other
excited states. Furthermore, the anisotropy and polar interactions with optical
phonons lead to a shift and/or splitting of the donor or acceptor energy levels.
The influence of these effects on the ground and excited shallow donor energies
of ZnO have been estimated in [65] and references therein.
2.1.2.D Photothermal ionization spectroscopy Photothermal ioniza-
tion spectroscopy (PTIS) is a spectroscopic technique that can be used to
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characterize defect centers with localized states in the semiconductor band
gap. The major advantage of this method is the combination of high sensi-
tivity with high resolution. The main drawbacks are the need of good ohmic
contacts on the sample under study and the difficulty in the quantitative deter-
mination of defect concentrations. Reviews are given in references [67,68]. For
PTIS studies on hydrogen centers the reader is referred to, e.g., Ref. [69–71].
The physical principle of the method is based on two processes, which may
proceed simultaneously or sequentially: (i) a bound carrier (electron or hole)
of the center is lifted from the ground state to an excited state by absorp-
tion of a photon, (ii) the excited electron (hole) is ionized into the conduction
(valence) band by absorption of one or more phonons. The photo-thermally
ionized carriers are detected by the application of an electric field between
Ohmic contacts on the sample surface during illumination with a broadband
light source. The relative variation of the crystals electrical conductivity δσ/σ
is proportional to the amount of carriers generated by the ionization process.
The optical transitions from the ground to the excited states determine the
position of discrete lines in the photothermal ionization spectra. The energy
values correspond to the TES separation energy as determined by photolu-
minescence spectroscopy (see Sec. 2.1.2.C). Photon energies higher than the
donor (acceptor) ionization energy lead to direct photoionization of the bound
carriers, which causes a broad band in the photoconductivity spectra.
Spectral analysis of defects by PTIS is enabled by the fact that the optical ex-
citation energy differs with the chemical nature of the center. This variation is
due to departures from the effective-mass approximation, as already described
in section 2.1.2.C.
The PTIS spectra are highly sensitive to the sample temperature. A low
temperature minimizes the thermal ionization of the excited carriers. If the
temperature is too high, the ground state is depopulated due to direct thermal
ionization of the electrons or holes.
2.1.2.E Other techniques In addition to IR absorption, Raman, photolu-
minescence and photothermal ionization spectroscopy, several other hydrogen
detection and analysis techniques exist. In the following, a brief survey of the
most common methods will be presented. The citations in the text refer to
example studies on hydrogen in ZnO or TiO2.
Electrical methods, like deep level transient spectroscopy (DLTS) [72, 73], re-
sistivity [33, 35], Hall-effect [13, 15], or capacitance measurement [72], directly
probe the effect of hydrogen on the electrical properties of the semiconductor
material. In particular, these techniques allow the process of defect neutral-
ization or passivation by hydrogen to be detected and quantified.
Secondary mass ionization spectroscopy (SIMS) [74, 75] measurements probe
the overall concentration of hydrogen. This technique is mainly used for profil-
ing analysis purposes. However, due to the difficulty in eliminating hydrogen as
a background impurity the detection sensitivity is limited to about 1017 cm−3
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for hydrogen, and ∼ 0.5 × 1015 cm−3 for deuterium [74]. For calibration the
specimens are usually compared to samples which have been intentionally hy-
drogenated for example by ion beam techniques with a given fluence.
Positron annihilation spectroscopy [76,77] is a tool to study defect properties in
bulk and thin film semiconductors. It allows the size and the concentration of
“vacancy-like” centers to be investigated, however, evaluating the experimental
data is a challenge.
Hydrogen effusion measurements [78, 79] provide information about the total
hydrogen concentration in a sample, hydrogen solubility and diffusion coeffi-
cients, as well as binding energies of hydrogen defects. However, it suffers from
the difficulty in deconvoluting the data and its low sensitivity.
Electron paramagnetic resonance (EPR) and electron nuclear double resonance
(ENDOR) [13, 34] are techniques which can yield detailed information about
the microscopic structure and the bonding arrangement of H related defect
centers. A rich variety of results can be obtained when the methods are com-
bined with other procedures such as uniaxial stress, or temperature variations.
EPR experiments are restricted to defects which have an unpaired electron,
i.e., the defect has to be in a paramagnetic charge state. This condition some-
times requires that the charge state of an electrically active defect has to be
modified for example by in situ illumination.
Muon spin relaxation, rotation, and resonance experiments, collectively re-
ferred to as µSR [11,12, 36], can give experimental information about isolated
hydrogen centers. Muonium acts similarly to a light hydrogen atom. It has
similar charge, spin, reduced electron mass, and binding energy. Muonium can,
therefore, serve as an experimental model for atomic hydrogen. The nontrivial
differences are due to the strongly enhanced zero point motion and the very
short lifetime of the muon (2.2 µs) in comparison with the proton.
2.1.3 Theoretical methods
A major part of the knowledge of defects and impurities in solids has been
contributed by theory. In particular, the interplay between experimental re-
sults and theoretical predictions has stimulated much of the progress of under-
standing the fundamental behavior of hydrogen in semiconductors. Generally,
hydrogen in solids is quite difficult to describe by theory due to its strong im-
pact on the electronic structure. In recent years, advances in computer power
and algorithmic procedures has provided the means to treat complex systems
by first-principles. Theoretical methods are reviewed in Refs. [40, 80, 81].
Most of the computational studies simulate the defect and its environment
by a cluster or supercell approach. In a cluster calculation, a finite volume
of the semiconductor is considered which consists of the defect and a certain
number of surrounding host atoms. In a supercell geometry approach, an
infinite crystal is built up by periodically repeating the confined structure.
It is worth mentioning that the results of such calculations generally depend
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on the size of the cluster or supercell. Therefore, convergence tests have to
be performed which indicate the influence of the volume on the theoretical
predictions.
The major concerns of computational calculations of defect properties are for-
mation energies, electronic transition levels, atomic positions and configura-
tions in the host lattice, concentrations of defects, migration paths, solubili-
ties and vibrational frequencies. To study these issues it is essential that the
theoretical technique can provide total energies of the system under investiga-
tion. Nowadays, the most common method used is density-functional theory
(DFT) [82,83].
As already mentioned, hydrogen-related defects exhibit distinct LVMs well
above the phonon modes of the semiconductor host. A direct comparison
between experimental values and first-principles calculations can be fruitful in
terms of identifying the underlying defect structure. A common approach for
the calculation of vibrational mode frequencies is to compute force constants
by the derivatives of the total energy with respect to the atom displacement for
the subset of vibrating species [44, 84, 85]. In the case of hydrogen vibrational
modes, the atomic motion is well localized close to the hydrogen, which justifies
the approximation to keep all other atoms fixed. Anharmonic corrections are
considered when the interatomic potentials are fitted by polynomials higher
than the second order. For hydrogen LVMs, often strong anharmonic terms
have to be taken into account which renders the calculations less accurate.
Another important issue of theoretical predictions is the formation energy Ef
of a defect center. Ef may be given by
Ef (q) = Et(q)− Et(bulk)−
∑
niµi + qEF + ζ. (2.8)
Here, ni indicates the quantity of the defect constituents i, where positive and
negative ni represents the insertion and removal of atoms, respectively. Et(q)
is the total energy of the system when the defect is in charge state q, Et(bulk) is
the energy of the pure host material, µi are the chemical potentials of the defect
constituents, EF is the Fermi-level, and ζ is a correction term, which takes into
account the periodic boundary conditions of the supercell geometry [86]. Here,
the reference for the defects formation energy is the energy of the single defect
atoms
∑
µi.
Transition energies are defined as the Fermi-level positions at which different
charge states of a defect have the same formation energies. Thus, the calcu-
lation of formation energies as a function of the Fermi-level (formation energy
diagram) also provides a means to determine donor and acceptor levels.
In general, the interpretation of the results of DFT calculations is not straight-
forward since the band gap is commonly underestimated [87, 88]. This well
known band gap error may lead to large uncertainties in the computed for-
mation energies and transition levels of defects with levels in the band gap of
the semiconductor. Although there is considerable progress to overcome this
problem (see [9, 81] and references therein), the band gap error still limits the
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comparison of theoretical results with experimental values.
2.1.4 Electronic and structural behavior of hydrogen in semi-
conductors
As already mentioned, hydrogen can strongly affect the electronic and struc-
tural properties of semiconductors by its many possible interactions with the
host into which it is introduced. On the one hand, it may act as an interstitial
species. This behavior will be discussed in the next section. On the other
hand, hydrogen can bind to disruptions in the perfect crystal, for example
point defects or impurities, grain boundaries, dislocations, interfaces or the
semiconductor surface. Of particular interest for this work is the formation
of hydrogen complexes with impurities or intrinsic defects. This issue will be
briefly discussed in section 2.1.4.B. Hydrogen molecules will be considered in
section 2.1.4.C.
2.1.4.A Atomic hydrogen As an isolated interstitial impurity, hydrogen
can have a distinct influence on the semiconductor host structure, up to the
breaking of host atom bonds. It can occupy different crystallographic lattice
sites, strongly depending on the charge state of the interstitial hydrogen defect,
i.e. H+, H0, or H−. As described in the introductory remarks in chapter 1,
the electrical activity of hydrogen in a semiconductor is highly sensitive to the
host. Hydrogen shows amphoteric behavior in most semiconductors, which
means that it counteracts the prevailing conductivity: it acts as a donor (H+)
in p-type material and as an acceptor (H−) in n-type material. However, there
is strong evidence that hydrogen exclusively acts as a donor over the entire
Fermi-level range in semiconductors like SnO2 [36–38], TiO2 [33, 34, 37, 38] or
ZnO [1, 11, 12, 37, 89]. Although in the last decade several studies have been
devoted to solve the phenomenon [36–38, 89–92], this issue is still a matter of
active research. A summary will be given below.
Amphoteric behavior of hydrogen is found for example in Si, GaN, GaAs or
ZnSe. Most insight is given into the passivation process of electrically active
defects by forming hydrogen-related complexes (see next subsection), whereas
the amphoteric effect of isolated atomic hydrogen is less explored. In the pro-
tonic state H+, hydrogen will find its energetically most stable position in
regions of high electron density. In Si or Ge, for instance, H+ is located at
the bond-centered position [93, 94] midway between two neighboring silicon
atoms. For compound semiconductors, as the host ionicity increases, the re-
gion of highest electron density moves from the bond-center position closer to
the anion. In the −1 charge state, hydrogen will occupy sites of low electron
density, which for example places H− in Si or Ge at the interstitial space of
the tetrahedral site [94]. This strong stabilization of the hydrogen configura-
tion by the Coulomb potential is a general feature of isolated hydrogen in the
semiconductor host. Since H0 escapes this attractive potential one may expect
that the neutral atomic hydrogen is higher in energy than the H− or H+ state.
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Figure 2.1 shows the formation energy Ef of Hi in different systems as a func-
tion of the Fermi-level position. The behavior of hydrogen can be classified
according to a parameter U , which corresponds to the distance between the
donor level ε(+/0) and acceptor level ε(0/−). Negative U [see Fig. 2.1 (a)]
implies that either H+ or H− is the lowest energy configuration for Fermi-level
positions over the entire band gap. H0 is never stable since the neutral atoms
can lower their energy by the reaction 2H0 → H+ + H−. Indeed, negative U
behavior is commonly found for hydrogen in semiconductors, perhaps for all
semiconductor oxides [36, 95]. The positive U case is shown in Fig. 2.1 (b).
In thermodynamical equilibrium the electrical activity of hydrogen is governed
by the transition level ε(+/−). Hydrogen tends to counteract the prevailing
conductivity of the semiconductor if ε(+/−) lies deep in the band gap. In semi-
conductors like ZnO, in which interstitial hydrogen invariably acts as a source
of conductivity, the formation energy diagram looks qualitatively different (see
Fig. 2.1 (c)). Here, the ε(+/−) level occurs either above the conduction band
minimum, Ec, or below the valence band maximum, Ev. In the first case H0
and H− are always higher in energy than H+ for any Fermi-level position,
which implies that only H+ is stable and hydrogen acts as a donor. In the
second case H− is favored over the entire band gap and hydrogen exclusively
behaves as an acceptor.
EF
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Figure 2.1 – Formation energy diagrams of interstitial hydrogen in dif-
ferent semiconductor classes. (a) and (b) show negative and positive U
systems, respectively, with the transition level ε(+/−) being situated deep
in the band gap. In (c), ε(+/−) lies in the conduction band, which causes
hydrogen to act as a source of n-type conductivity.
The underlying physical mechanism for the host-dependent hydrogen behavior
has been a matter of several theoretical [37, 38, 89, 90] and experimental stud-
ies [36,91,92]. Kilic and Zunger [37] performed first-principles calculations on
several metal oxide semiconductors. They proposed a general “pinning level”
of hydrogen located ∼3.0 eV below vacuum. This makes hydrogen in semicon-
ductor oxides with a conduction band minimum below or above this level to
act exclusively as a donor (like in ZnO, SnO2, CdO) or amphoteric (MgO),
respectively. In other words, H0 is a donor if the electron affinity of the semi-
conductor oxide is higher than 3.0 eV.
Van de Walle and Neugebauer [89] proposed a different universal alignment:
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the H0 is located close to the host’s “charge neutrality” level, which is dis-
cussed in Ref. [96]. A rough explanation may be given as follows: Due to its
high reactivity H+ and H− tend to bond to anions and cations of a compound
semiconductor. While forming anion-H or cation-H bonds, host bonds have to
be broken, thus creating dangling bonds. Then, the Fermi-level position where
H+ and H− have equal formation energy, that is, the hydrogen transition level
ε(+/−), will lie energetically in the middle of the anion and cation dangling
bonds. This level coincides with the charge neutrality level. An important con-
sistency of this model to the experimental data is that the formation energies
of H+ and H− strongly depend on the semiconductor host, but the energetic
position of ε(+/−) is insensitive to the strength of the anion-H or cation-H
bonds. Within this picture, the electronic transition level of hydrogen ε(+/−)
is located about 4.5 eV below the vacuum level. Note that the model applies
even to a wide range of insulators and aqueous solutions.
Peacock and Robertson [90] extended the model of Van de Walle to a series
of high dielectric constant oxides like TiO2 or SiO2. In these materieals, the
situation is distinctively different to that in ZnO since H+ forms OH− making
a dative bond instead of breaking cation-O bonds. The O–H bond is strong
enough so that the O–H antibonding state is located above the conduction
band minimum. In contrast to the model of Van de Walle, the H+ state is
now the O–H antibonding level, not the cation dangling bond. This gives
slightly different predictions for the hydrogen transition level. In fact, this
roughly places ε(+/−) to a constant energy about 5 eV above the valence
band minimum. Based on this model, hydrogen in TiO2 acts as a shallow
donor.
Although these three models can sometimes give sophisticated hints for the
electrical behavior of atomic hydrogen in semiconductors, the described uni-
versal aligment of the H-induced transition level is in debate for particular
materials. For instance, recent theoretical calculations cast some doubt on the
shallow nature of interstitial hydrogen in TiO2 and predict a deep donor level
in the band gap [97–99]. In fact, experimental proof for the predicted ε(+/−)
levels in ZnO, TiO2, and many other semiconductors is still missing.
2.1.4.B Hydrogen complexes The interaction between hydrogen and
the semiconductor host can be governed by disruptions from the perfect crys-
tal. These strained regions may be point defects (lattice defects or impurities)
or extended defects (dislocations, grain boundaries, multivacancies etc.). In-
corporated hydrogen either allows the strained bonds to relax to energetically
favored less-strained configurations or directly interacts with the broken or
weak host bonds to form a bound state. Both lead to a shift of the defect
energy levels, sometimes significant enough to remove (passivate) or introduce
(activate) the levels from or into the band gap, respectively. This alteration
of the impurity’s electrical activity by hydrogen in a crystalline semiconductor
was first observed in Ge, where neutral substitutional Si is activated [100].
However, the nature of hydrogen complex formation is most explored for the
22 Chapter 2. Basic considerations
passivation of shallow or deep level defects [101,102]. The interaction process
is based on the behavior of atomic hydrogen described above: In n-type (p-
type) material hydrogen occurs predominantly in the H− (H+) charge state
and will diffuse toward the donors (acceptors), bind to it, and neutralize the
centers electrical activity. In semiconductors, where hydrogen exclusively acts
as a donor, acceptor passivation is efficient as well. Note that the passivation
or activation of centers can be evidenced by distinct features in the electrical
or optical properties of the solid which are different from a “normal” compen-
sation process: the formation of hydrogen-related complexes can be followed
for example by vibrational spectroscopy, EPR or electrical methods (see also
section 2.1.2).
2.1.4.C Hydrogen molecule complexes As in vacuum, H2 molecules
can represent a stable form of hydrogen in semiconductors. Molecular hy-
drogen was first predicted to exist in semiconductors by theoretical calcula-
tions [103,104]. The experimental detection has been a challenge since it only
exhibits a very weak dipole moment and is electrically inactive. The first di-
rect observation succeeded in GaAs by means of Raman spectroscopy [105],
followed by infrared absorption [106] and Raman spectroscopy [107] measure-
ments on silicon. Today, various configurations of hydrogen molecules have
been evidenced in various semiconductors: H2 can be trapped at the inter-
stitial T site of the tetragonal host [105–110], in multivacancies [110–112], at
interstitial impurities [106,113,114], or within hydrogen platelets [107,115,116].
Hydrogen dimers may form two types of geometrical configurations: interstitial
H2 and the H∗2 complex [117, 118]. The interstitial H2 molecule straddles two
virtually opposite positions of the host with almost degenerate energies. In Si,
Ge, or GaAs, interstitial hydrogen molecules are located close to the T site
with the atoms being orientated along the 〈100〉 and 〈111〉 directions. Theory
predicts that these defects can be regarded as a nearly free rotator [84, 119–
124]. Note also that theory calculates considerable shifts of the vibrational
frequencies of the hydrogen dimers to lower wave numbers when compared to
the value of the free gas phase [125]. The H∗2 complex consists of one hydrogen
atom in bond-centered position and the second one on an antibonding site. The
existence of these complexes has been confirmed by vibrational spectroscopy
[126–128]. In Si and Ge, the H∗2 complex has slightly higher formation energies
than interstitial molecular hydrogen [129].
2.2 Hydrogen in ZnO
In the early 1950s, Mollwo [130] and Thomas and Lander [131] detected n-type
conductivity after introducing hydrogen into ZnO at elevated temperatures.
At that time it was unclear if this characteristic is induced by the hydrogen
impurities or accidental features like intrinsic defect formation caused by the
doping process. Later on, the interest in the properties of hydrogen in ZnO
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became weaker. In fact, the amphoteric behavior of hydrogen, as evidenced for
example in Si, GaAs, and GaN, was widely believed to be a general attribute
of the hydrogen interaction with semiconductors for a long time. However, in
the year 2000, first-principles calculations by Van de Walle [1] predicted that
interstitial hydrogen exclusively acts as a donor and may be responsible for
the commonly observed n-type behavior of ZnO. Since then, the influence of
hydrogen on doping and defect passivation in ZnO is an object of intensive
research.
Three types of hydrogen-related defects are discussed in the literature. These
are hydrogen-related donors, acceptor-hydrogen complexes, and hydrogen
molecules H2:
Hydrogen-related donors Much of the modeling of hydrogen behavior in
ZnO has come from theory. The electronic structure of interstitial hydrogen
has been discussed in several studies [1,37,89]. The transition level between the
+ and – charge state of Hi have been found to be located above the conduction
band minimum which implies that H+ is the stable charge state for all Fermi-
level positions and Hi shows donor behavior.
The microscopic structure of Hi has also been a subject of extensive theoretical
calculations. Interstitial hydrogen can be incorporated on several different sites
in the ZnO host. It is therefore instructive to survey the structure of the ZnO
lattice first. ZnO preferentially crystallizes in the hexagonal wurtzite structure
which can be seen in figure 2.2. Possible configurations of Hi are marked as
black circles. Hydrogen can be located at bond-center sites (BC) and anti-
bonding sites (AB). In impurity-free ZnO, the BC configurations of H+ are
found to be the more stable defect sites, however, the AB configurations only
have 0.1–0.3 eV higher formation energies [1, 132–137]. Theory predicts O–H
LVM frequencies of about 3320–3660 [55, 133, 136, 137] and 3300–3370 cm−1
[55, 133, 137] for the BC and AB hydrogen site, respectively. Although both
vibrational frequencies are commonly overestimated, the BC configurations are
always higher in frequency. Limpijumnong and Zhang [55,138] calculated the
effect of hydrostatic pressure on the frequencies of the modes. It was found that
their values increase with pressure for the bond center sites and decrease for the
anti-bonding configurations. Of particular interest for the present thesis are
the configurations BC‖ and ABO⊥. To simplify matters, these configurations
will be labeled HBC and HAB, respectively.
First-principles investigations carried out by Van de Walle and Janotti revealed
that HO act as shallow donor in ZnO [1,10]. In contrast to isolated hydrogen,
which is not stable at room temperature and cannot account for the n-type
conductivity of virgin ZnO [138–140], HO might be responsible for the doping
asymmetry of the natural material [1, 10]. Under oxygen-poor conditions, the
formation energy of HO is only ∼0.1 eV higher than the formation energy of
Hi which may lead to a coexistence of both hydrogen species [10]. Hydrogen
bonds equally to all of the four nearest neighbor Zn atoms. The calculated
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Figure 2.2 – Schematic of possible Hi sites in the ZnO lattice. The
subscript O or Zn of the notation indicates the nearest neighbor atom of
the anti-bonding hydrogen site; the symbol ‖ or ⊥ denotes configurations
with the O–H bond parallel or perpendicular to the c axis, respectively.
ABZn structures are unstable, relaxing to hydrogen bonded to oxygen [132].
frequency of the Zn–H local vibrational modes is 760 cm−1. However, the
identification of HO still lacks strong experimental evidence.
Experimental proof for the donor behavior of Hi in ZnO comes from muon spin
rotation [11,12]. Previous IR absorption studies revealed two possible hydrogen
donors. The first defect, labeled H-I, was tentatively identified as a hydrogen
bond-centered along the c axis [23]. At 10 K the center results in the absorption
line at 3611 cm−1 originating from the stretch local vibrational mode (LVM)
of the O–H bond. The second defect has a LVM frequency of 3326 cm−1 at
10 K [141]. To simplify matters we will label the defect XH (XD in case of
deuterium) throughout the present work. The O–H bond of this defect was
found to be oriented perpendicular to the c axis [141,142]. The structure of XH
is still a matter of discussion. The defect was tentatively assigned to hydrogen
located at the antibonding site of the ZnO lattice, HAB. Uniaxial stress split-
ting measurements seem to confirm the proposed microscopic structures of the
centers [143]. However, recent investigations question the assignment of XH to
HAB [24]: the activation energy of hydrogen motion in the XH defect was found
to be above 0.7 eV as determined by stress-induced dichroism. First-principles
calculations predict a reorientation barrier of around 0.2 eV. The VZnH com-
plex was tentatively proposed as an alternative microscopic model of the defect
giving rise to the 3326 cm−1 signal [24]. More recently, a calcium-hydrogen
complex was proposed [133,136,137,144]. Note that the donor behavior of XH
has not been unambiguously proven to date. VZnH is predicted to behave as
deep acceptor [132] whereas a CaH complex should act as shallow donor.
Electron paramagnetic resonance [13], photoluminescence [65], Hall-effect mea-
surements [15], and photoconductivity [16, 145] demonstrated the existence of
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several hydrogen induced shallow donor states in ZnO, however, the micro-
scopic nature of the defects is still unknown. Of particular interest is a de-
fect which results in an excitonic recombination line at 3362.8 meV labeled as
I4 [14,65]. This PL signal anneals out at around 500 ◦C. Based on the thermal
stability the donor was tentatively identified with HO [10]. Since HO and the
I4 PL line are stable at room temperature the defect is also the most likely
origin of the hydrogen donor detected by the EPR and Hall-measurements in
Ref. [13]. No additional experimental evidence, however, have been presented
in support of the assignment of the I4 donor to HO.
Acceptor-hydrogen complexes The detailed spectroscopic features of
many acceptor-hydrogen complexes were studied and contribute to our un-
derstanding of the nature of these complexes [17–23, 143, 146]. In contrast to
the isolated hydrogen species, the microscopic structures of some acceptor-
hydrogen complexes are established with certainty.
Cu occupies a Zn site in ZnO and forms a variety of complexes with the mo-
bile hydrogen impurity [17]. The energetically most favorable CuH complex
consists of substitutional Cu with a bond-centered hydrogen located in the
basal plane between Cu and O [132]. CuH may bind a further hydrogen atom,
thus leading to a CuH2 center. The lowest-energy configuration of this com-
plex is substitutional Cu with two bond-centered hydrogen atoms, the first
and the second one being aligned parallel and perpendicular to the c axis, re-
spectively [132]. The defect configuration has been established by means of IR
absorption spectroscopy [18].
Hydrogen can also be trapped at substitutional Li. Theory finds that the
defect is most stable when hydrogen is located bond-centered along the c axis
between Li and O [132]. The calculated stretch mode frequency is in good
agreement with the experimental value 3577.3 cm−1 [19–21,147].
Nitrogen is considered as candidate for reliable p-type doping. Recently, neu-
tral nitrogen-hydrogen complexes have been found by IR absorption spec-
troscopy [22, 146]. The N-H strech mode gives rise to an absorption peak
at 3150.6 cm−1. The hydrogen is located on an antibonding site, roughly
perpendicular to the c axis [146,148].
Hydrogen may also bind to intrinsic defects. The zinc vacancy, VZn, behaves as
a double acceptor. First-principles calculations predict that the (–/0) and (2–
/–) transition levels of VZn are situated close to the valence band minimum [9,
132,149]. More recent studies found that the first (second) acceptor ionization
energy ranges from 0.7 to 1.5 eV (1.2 to 2.3 eV) [150, 151]. The formation
energy of the defect depends on the growth environment. In the oxygen-rich
limit and in n-type material VZn may be formed in moderate concentrations
[9, 132,150,151]. As mentioned above, the partially passivated complex VZnH
is regarded as a possible origin of the 3326 cm−1 absorption line. While this
assignment is still discussed [133, 136, 137, 144], the verification of the fully
passivated complex VZnH2 stands on a firm basis [20,23,132,143]. This defect
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consists of two O–H bonds directed to the center of the Zn vacancy. One bond
is oriented parallel to the c axis of the hexagonal lattice and leads to an LVM
at 3312.2 cm−1 at 10 K. The second O–H bond with an LVM at 3349.6 cm−1
is nearly perpendicular to c [23].
H2 molecules For ZnO, no direct evidence for the existence of molecular
hydrogen H2 has been presented prior to the work presented here. However,
it is suggested to be the main reservoir for the so-called “hidden” hydrogen
in ZnO, which is not detected by IR spectroscopy, but could be converted
into a shallow donor in the course of sample processing [152]. According to
theory, the defect is preferentially aligned along the c axis with a bond length
of 0.77 Å [1, 132]. For Fermi-levels close to the conduction band minimum
H2 is energetically more favorable than bond-centered hydrogen [1], which
renders H2 possible as a dominant sink for HBC. The stretch mode frequency
is reported to be close to the value of the free molecule [132].
2.3 Hydrogen in TiO2
Similar to ZnO and many other oxides, hydrogen is a common impurity in
TiO2 that strongly affects the electrical, optical, and catalytic properties of
the semiconductor host. Hydrogen as a donor H+ in rutile will be attracted to
oxygen and bind to it. However, in contrast with ZnO where hydrogen breaks
a Zn–O bond to form an O–H complex, hydrogen in TiO2 forms a single dative
bond to oxygen using the O 2p lone pair electrons.
In the 1960’s, Chester and Bradhurst found that electrolytic incorporation of
hydrogen results in a remarkable enhancement of n-type conductivity of ru-
tile [33]. Since then, the electrical properties of hydrogen in TiO2 are widely
discussed in the literature. Of particular interest is the contribution of H im-
purities to the natural, rather high, n-type carrier concentration of as-grown
TiO2 crystals. Mostly oxygen vacancies or titanium interstitials (Tii) were
discussed first as the source of n-type doping [153, 154]. However, the EPR
identification of Tii in rutile was reinterpreted and the observed center was
ascribed to hydrogen [34]. In support, shallow donor states for hydrogen have
been confirmed by transport measurements [35] and muon spin rotation spec-
troscopy [36]. Ionization energies for the shallow donor are either not reported
or vary drastically.
The behavior of hydrogen in TiO2 remains controversial when the electronic
structure is considered by theoretical calculations. First-principles studies pre-
dict a shallow donor level for H in rutile TiO2 [37, 38, 90, 155]. However, deep
donor levels are found if interactions with the d-electrons and polaronic effects
are taken into account [97–99]. In fact, defect calculations in metal oxides are
generally quite challenging due to two major problems: First, the well-known
band gap error (see Sec. 2.1.3) in density-functional theory is often large.
Second, the theoretical approach has to comply with the apparent electron
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self-interaction in these materials [99, 156].
Early IR absorption experiments on rutile TiO2 revealed a variety of hydrogen-
related defects by their local vibrational modes [157, 158]. Of special interest
for the present investigation is the local vibrational mode at 3288 cm−1 (10 K)
[157]. First-principles simulations predict that the favorable intercalation site
of hydrogen in TiO2 is the center of the empty c channel of the rutile structure
[30, 31]. Based on existing experimental data, this defect configuration has
been related to the 3288 cm−1 mode [157–164].
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Figure 2.3 – Atomic configuration of interstitial hydrogen in TiO2 with
view along the c axis.
The behavior of hydrogen in TiO2 is very interesting in other ways as well. In
particular, the process of proton diffusion has attracted considerable attention.
Usually, proton conduction in crystalline solids consists of the breaking of the
O–H bonds and subsequent H+ jumps and O–H reorientation processes [165].
Since a rather high energy is required to disrupt the hydroxyl groups, protons
normally diffuse only at elevated temperatures [166]. However, the nature of
H diffusion in rutile exhibits some peculiarities. The hydrogen migration has
been found to be highly anisotropic with a higher transfer rate along the c axis
of the crystal [166, 167]. The diffusion in this direction is governed by proton
jumps over the comparatively low energy barrier between the near-neighbor
atoms in the characteristic large open c channel (see figure 2.3) [168]. Thus,
rutile TiO2 may be a good candidate to provide alternate diffusion mechanisms
which could overlap the usual thermally activated diffusion. Indeed, Chen et
al. observed a remarkable enhancement of proton diffusion in TiO2 at low
temperatures induced by electron-irradiation and electric fields [32]. Spahr et
al. investigated resonant IR-stimulated H+ transport below room temperature
and provided fundamental insight into the microscopic dynamics of protons in
TiO2 [164]. It is suggested that similar induced migration processes may be
possible in other oxides (e.g. ZnO, SnO2, HfO2) as well [164].
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Chapter 3
Experimental methods
3.1 Sample preparation
The ZnO samples used in this work were either vapor phase or melt-grown
single crystals. The former were investigated in the study of chapter 4, whereas
the latter were employed in chapter 5. The vapor phase crystals were hexagonal
prisms with a diameter of about 2 mm and a length of ∼20 mm grown at the
Institute for Applied Physics, University of Erlangen (Germany) [169,170]. The
nominally undoped n-type single crystals had a resistivity of 10–100 Ω cm. The
melt-grown samples were commercial c-cut 5.2× 5.2× 0.5 mm3 wafers with a
resistivity of 50–200 Ωcm purchased from Cermet, Inc.
The rutile TiO2 samples used in this work were commercial (110)-oriented
10 × 10 × 0.5 mm3 wafers purchased from CrysTec GmbH (Germany). The
nominally undoped single crystals were grown by the Verneuil technique and
had a resistivity above 10 MΩ cm at room temperature.
Hydrogen and/or deuterium was introduced into the samples from a remote
dc plasma or via annealing in a sealed quartz ampoule. A sketch of the plasma
system is given in figure 3.1. The setup consists of a quart tube through which
molecular hydrogen and/or deuterium is pumped at reduced pressure (typically
1 mbar). The excitation of the plasma itself is established in two processes. In a
first step, the molecular hydrogen is partly ionized by two electrodes (ionization
voltage Ui = 1 kV), which are placed perpendicular to the gas stream directly
after the gas inlet. Thereafter, the ions are accelerated onto the sample surface
by applying a voltage Ua = 330 V between the anode and the heatable sample
support platform. The exposure time to the dc plasma was one hour. The
sample temperature during the treatment was held at 350 ◦C.
The plasma treatment results in a strongly nonuniform concentration profile
with more hydrogen located in the near surface layer of the sample. This,
however, was not suitable for our Raman measurements, where the 532 nm laser
line probes the bulk of ZnO samples. A uniform distribution of hydrogen was
achieved by thermal treatments in sealed quartz ampoules filled with hydrogen
and/or deuterium gas (pressure of 0.5 bar at room temperature). The thermal
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Figure 3.1 – Sketch of the remote dc plasma hydrogenation setup
treatments were performed in the temperature range of 480 to 1000 ◦C for
1–18 hour and were terminated by quenching to room temperature in water.
To simplify matters, ZnO or TiO2 samples treated with hydrogen, deuterium,
or a mixture of hydrogen and deuterium will be labeled ZnO:X or TiO2:X,
respectively (here, X denotes the hydrogen isotope).
The thermal stability of hydrogen-related defects were determined from series
of isochronal annealing treatments. Each anneal had a duration of 30 min
and was carried out in an argon atmosphere. Spectra were recorded after each
temperature step.
Uniaxial stress was applied to a sample which was cut with the dimensions of
3.8×1.9×1.1 mm3 and with axes parallel to [101¯0], [12¯10], and c, respectively.
The stress was applied parallel to [101¯0]. For uniaxial stress measurements two
samples were cut with the dimensions of 5.1 × 2.3× 0.5 mm3 and 5.2 × 2.5 ×
0.5 mm3 with the longest side parallel either to [101¯0] or [12¯10], respectively.
Etching of the ZnO samples were performed at room temperature in ortho-
phosphoric acid. In order to determine the depth distribution of features in
photoluminescence spectra the samples were etched to generate a wedge. For
this purpose, the crystals were immersed into the acid with constant speed.
The resulting width of the sample was changed linearly with height: with the
maximum (dmax) and minimum thickness (dmin) on the top and the bottom
of the sample, respectively. The difference in width ∆ = dmax − dmin was in
the range of 2 to 30 µm. Photoluminescence spectra were recorded with the
excitation laser spot focused at different heights of the sample. The spot size
was less than 100 µm.
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3.2 Measurement techniques
3.2.1 Raman scattering
Raman measurements were performed in a 90◦ geometry using the frequency
doubled 532 nm line of a Nd:YVO4 laser for excitation. The scattered light
was analyzed using a single grating spectrometer and a cooled Si CCD detector
array. Spectral resolution was 2.5–5 cm−1. The measurements were performed
with the sample mounted in a cold finger cryostat using liquid helium for cool-
ing. The temperature of the bulk sample was varied by an electrical heater.
The actual temperature (Tact) within the laser excitation volume was deter-
mined from the Stokes to anti-Stokes ratio of the optical phonons of ZnO
(see Eq. 2.6). It was possible to determine temperatures down to approxi-
mately 60 K. For lower temperatures the anti-Stokes intensity was too low to
be detected within a reasonable measurement time. For T below 60 K, the
temperature was obtained by extrapolation of the experimental dependence of
Tbulk vs. Tact.
The scattering geometry is defined with respect to the c axis of the sample.
The x, y, and z axes are parallel to the crystallographic orientations [101¯0],
[12¯10], and c, respectively. In the notation a(b, c)d, a(d) refers to the propa-
gation vector of the incident (scattered) light, whereas b(c) characterizes the
polarization vector of the incident (scattered) light. The notation a(b,−)d
implies that the scattered light is measured without polarizer.
3.2.2 IR absorption
The infrared absorption spectra were recorded with a Bomem DA3.01 Fourier
transform spectrometer equipped with a globar or quartz light source, a CaF2
or KBr beamsplitter and a liquid-nitrogen-cooled InSb detector. The spectral
resolution was 0.05–1 cm−1. The samples under study were mounted in a He
exchange gas cryostat equipped with ZnSe windows. IR absorption measure-
ments were performed at 6–7 K unless noted otherwise. Polarized light was
produced by a wire-grid polarizer with a KRS-5 substrate.
The experimental setup for measurements with sub-band gap illumination of
the samples is shown in Fig. 3.2. Light irradiation was normally performed
with the 0.633 µm line (1.96 eV) of a HeNe laser with a power of approximately
3 mW at a temperature of 7 K. In order to investigate the wavelength depen-
dence of photo-induced effects the quartz lamp of the Fourier spectrometer was
employed. In this case different low-pass filters were placed between the light
source and the entrance window of the optical cryostat (see Sec. 5.3).
Uniaxial stress measurements were carried out with a home-built stress rig
mounted in the cryostat. The stress was supplied by a pneumatic cylinder and
transferred via a push rod to the longest side of the sample.
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Figure 3.2 – Sketch of the setup for the IR absorption studies with
sub-band gap illumination.
3.2.3 Photoluminescence
For photoluminescence measurements, the samples were immersed in liquid
He (4.2 K) and excited by the 325 nm line of a HeCd laser with a typical
excitation power of 2 mW. The emitted light was dispersed by a f = 1 m single
grating monochromator equipped with a 1200 lines/mm grating and detected
by Peltier-cooled photomultiplier (RCA C31034). The spectral resolution was
0.025 nm. The monochromator was calibrated against the lines of a Hg lamp.
Spectra were converted from wavelength to energy units taking into account
the refractive index of air [171].
3.2.4 Photoconductivity
For photoconductivity measurements ZnO samples were first etched with
ortho-phosphoric acid for one minute at room temperature. This procedure
thins each side of the sample by 0.6 ± 0.1 µm. TiO2 samples were not etched
before contact preparation. Ohmic contacts with an area of 2 × 2 mm2 were
generated by scratching a mixture of an In-Ga alloy onto the sample surface.
The contacts were approximately 1 cm apart and were located on the illumi-
nated face of the sample.
Photoconductivity spectra were recorded with a Bomem DA3.01 Fourier trans-
form spectrometer equipped with a globar light source, and a mylar (3.5 µm
thick) beamsplitter. With this configuration, the frequency range from 100 to
600 cm−1 could be covered. The spectral resolution was 1–4 cm−1.
The samples were positioned in an exchange-gas cryostat equipped with
polypropylene windows. The temperature was stabilized within 0.1 K in the
range of 9 to 30 K. A platinum resistor was used as a thermometer. Polarized
light was produced by putting a wire-grid polarizer with a KRS-5 substrate in
front of the cryostat.
Chapter 4
Hydrogen donors in ZnO
4.1 Introduction
As described in chapter 1, the difficulty in p-type doping is partially caused
by the high level of “background“ donors present in ZnO. As-grown zinc oxide
commonly exhibits high concentrations of shallow donor defects. On the one
hand, these donors have been linked to intrinsic point defects such as oxygen
vacancies or zinc interstitials [7,172]. However, several theoretical studies sug-
gest that these defects either have high formation energies or form deep level
states [8, 9], which casts some doubt on this proposal. On the other hand,
as described in Sec. 2.2, theory proposes that HBC and HO acts as shallow
donors. In fact, several experimental studies have shown that hydrogen in-
duces n-type conductivity in ZnO; however, the nature of these shallow donors
remains unknown.
As also noted in section 2.2, local vibrational mode spectroscopy revealed two
hydrogen-related defects which give rise to lines at 3611 and 3326 cm−1. The
first was tentatively identified as HBC. The microscopic nature of the sec-
ond defect, labeled here as XH, is still in debate. Photoluminescence studies
demonstrated the existence of a hydrogen-related shallow donor [14, 65] that
results in the I4 recombination line at 3362.8 meV. The donor was tentatively
assigned to hydrogen trapped within the O vacancy, HO.
This chapter presents the results of a combined Raman scattering, IR absorp-
tion, photoluminescence, and photoconductivity study. The motivation was to
identify the theoretically proposed hydrogen donors and reveal their electrical
activity. HBC is identified as the dominant shallow donor which appears im-
mediately after hydrogenation. In addition, the spectroscopic features of HO
are investigated in detail. The measurements strongly suggest that HO is the
underlying defect comprising the I4 line. In the context of these investigations,
the results of a Raman scattering study on hydrogenated ZnO are presented
(see Ref. [173]). The data give evidence for the existence of H2 molecules in
ZnO and support the assumption that the hidden hydrogen in ZnO predomi-
nantly exists in the form of H2. The nature of the XH defect will be considered
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in chapter 5.
4.2 Raman scattering
4.2.1 General properties
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Figure 4.1 – Sections of Raman spectra obtained on a ZnO sample at
T ≤ 20 K in the x(z,–)y geometry: (a)—virgin sample; (b)—directly after
thermal treatment in H2 gas at 725 ◦C for 1 h; (c)—the same procedure
after replacement of H2 with D2.
The Raman spectra obtained on vapor phase grown ZnO measured at T ≤ 20 K
in the x(z,−)y geometry are shown in Fig. 4.1. Before hydrogen treatment
(spectrum (a)), the well-known lattice phonon lines [174] are observed. The
E1(LO) phonon is of particular interest for the current study. The correspond-
ing Raman transition in the virgin sample at helium temperatures is detected
at 591 cm−1 [175].
After treatment of the ZnO sample in H2 gas at 725 ◦C for 1 h two additional
features with frequencies at 330 and 3611 cm−1 appear in the Raman spectra
(spectrum (b) of Fig. 4.1). As described in Sec. 2.2, the 3611 cm−1 line has
been previously observed in IR absorption spectra directly after hydrogen in-
corporation and was tentatively assigned to HBC. To the best of our knowledge,
the Raman line at 330 cm−1 has not been reported in the literature.
Spectra of a ZnO sample treated in D2 gas at 725 ◦C were also recorded.
These are shown as spectrum (c) of Fig. 4.1. The LVM of the H-I defect shifts
downwards in frequency by around
√
2 to the value of 2668 cm−1. Note that
to distinguish between hydrogen and deuterium we label the latter D-I.
Contrary to the stretch mode of H-I, the position of the 330 cm−1 signal
remains unchanged, which suggests an electronic origin of this feature. Insight
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into the nature of the 330 cm−1 line is obtained from the polarization sensitive
Raman spectra presented in Fig. 4.2. The 330 cm−1 signal has the strongest
intensity in the x(z, z)y geometry. Note that the nonzero intensity of the
330 cm−1 line obtained in other geometries comes mainly from the non-perfect
mounting of the sample in the cryostat and the non-ideality of the polarizer.
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Figure 4.2 – Polarization sensitive Raman spectra obtained on a ZnO
sample treated in H2 gas at 725 ◦C for 1 h. T ≤ 20 K.
The polarization of the 330 cm−1 line implies that the Raman tensor of the cor-
responding transition is diagonal. Point defects in ZnO show localized modes
which belong either to the A1 or E irreducible representation of the C3v point
group. Therefore, only the A1 mode fulfills the required diagonality.
Hydrogen has also a strong influence on the E1(LO) phonon mode of ZnO at
591 cm−1 (see Fig. 4.3).
The solid line in Fig. 4.3 shows the spectrum recorded in the x(z, x)y geom-
etry at T ≤ 20 K from a virgin ZnO sample. The E1(LO) phonon mode is
asymmetric with more intensity located on the low frequency side of the line.
The dashed line in Fig. 4.3 represents the spectrum obtained on the same
sample after thermal treatment in H2 gas for one hour at 725 ◦C. Obviously,
both the intensity of the line and the shape changes: The line becomes weaker
and more symmetric. A detailed study of the asymmetric line-shape will be
presented in the next subsection.
We interpret the effect of hydrogen on the asymmetry with a Fano reso-
nance [48] between the E1(LO) phonon and the continuum of the electronic
states in the conduction band. Incorporation of hydrogen enhances the n-type
conductivity by the formation of shallow donors. The ionization energies of
shallow donors in ZnO are below 73 meV (591 cm−1), which implies that the
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Figure 4.3 – Raman spectra obtained on a ZnO sample in the x(z,x)y
geometry at T ≤ 20 K. Solid line—before hydrogenation. Dashed line—
recorded directly after treatment in the H2 gas at 725 ◦C for 1 h.
main condition for the existence of a Fano resonance is fulfilled. Such a behav-
ior is well-known in many semiconductors [56], but to the best of our knowledge
has not been reported in ZnO so far.
The 330 cm−1 mode corresponds to a typical 1s → 2s or 1s → 2pz(2pxy)
transition of shallow donors in ZnO [65]. The 1s → 2pxy transition is the E
mode and should be ruled out since this assignment contradicts the polarized
Raman data presented in Fig. 4.2. From theory, the splitting between the 2s
and 2pz states depends on the ionization energy of the donor and is around
20 cm−1 [65]. In principle, both 2s and 2pz states could be detected in Ra-
man scattering [176]. The substantial linewidth (full width at half maximum
∼30 cm−1), however, prevents us from a definitive assignment of the 330 cm−1
line. Later we will show that our data are more in favor of the 2pz state.
In the following sections, we will give strong evidence that the 330 cm−1 elec-
tronic transition and the 3611 cm−1 (H-I) vibrational mode belong to the HBC
donor in ZnO, which has an ionization energy of 53 meV.
4.2.2 Thermal stability of HBC
The thermal stability of the HBC donor is studied by isochronal annealing.
Fig. 4.4 represents normalized intensities of the 330 cm−1 line as a function
of the annealing temperature. The three panels in the figure show the results
obtained on the ZnO samples treated in the H2 (top), D2 (mid), and H2 + D2
(bottom) gas at 725 ◦C for one hour. In addition, the normalized intensities
of the local vibrational modes of the H-I (3611 cm−1) and D-I (2668 cm−1)
defects are presented.
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Figure 4.4 – Normalized intensities of the 330 cm−1 line and the local
vibrational modes of the H-I (3611 cm−1) and D-I (2668 cm−1) defect as a
function of annealing temperature. The hydrogenation was performed via
thermal treatment at 725 ◦C in H2 (top), D2 (mid), and a mixture of H2
+ D2 (bottom) gases in the ratio 1:1. The solid lines are a guide to the
eye.
The temperature dependences of the 330 and 3611 cm−1 lines are almost iden-
tical. In the case of hydrogen, the signals remain constant up to 110 ◦C and
anneal out at 190 ◦C. Note that this finding is consistent with the previous IR
absorption studies on the 3611 cm−1 line [139]. The identical thermal behavior
of the H-I defect and the 330 cm−1 line is a strong evidence that the two signals
have the same origin.
The annealing data obtained from a ZnO sample treated with deuterium indi-
cate a somewhat higher stability for D-I: The stretch mode at 2668 cm−1 and
the 330 cm−1 line retain constant intensity up to 150 ◦C and anneals out at
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about 230 ◦C.
The different thermal stabilities of H-I and D-I are an important result. The
data presented in the top and the mid panels of Fig. 4.4, however, were obtained
on different samples. To exclude the possibility of some secondary effects, not
related to the nature of H-I, annealing experiments on a ZnO sample treated
in a mixture of H2 and D2 were performed. The results are presented in the
bottom panel of Fig. 4.4. Under these conditions D-I remains more stable
as compared to H-I. What is also important, the intensity of the 330 cm−1
line follows neither of the other two curves but is positioned approximately in
between. This finding gives additional support for the electronic nature of the
330 cm−1 line: in section 4.3.1 we will see that the sample treatment with a
mixture of H2 and D2 leads to similar concentrations of HBC and DBC. The
330 cm−1 line is a superposition of the electronic transition of HBC and DBC.
Thus, the relative intensity of the 330 cm−1 feature follows the mean value of
the two annealing curves for the samples treated in H2 and D2.
Summarizing the results, we propose that the different thermal stability of H-I
(HBC) and D-I (DBC) comes from different diffusion rates of the two isotope
species. A transition of HBC into another configuration, i.e. HAB, should be
ruled out since according to theory, bond-centered hydrogen aligned along the
c axis is the ground state of isolated hydrogen in ZnO [1,132]. In addition, no
local mode appearing at the expense of the 3611 cm−1 line is observed in the
IR spectra.
In our model, H-I (HBC) anneals out via diffusion and a subsequent trapping at
some other defect. Provided HBC is dominant, the formation of a dihydrogen
complex, i.e. a hydrogen molecule, H2, seems to be plausible [152]. Indirect
indication to this possibility follows from the higher thermal stability of D-I in
the ZnO sample treated in D2 as compared to the mixture of H2 and D2 (see
Fig. 4.4). Formation of HD is a natural explanation for this behavior in the
framework of our model. In section 4.2.4 strong evidence will be given that
the dominant sink for HBC is the hydrogen molecule.
Hydrogen motion in ZnO was recently investigated by stress-induced dichroism
[18,24,177]. In particular, it was established, that the activation energy of the
hydrogen motion in copper-hydrogen complexes is thermally activated with an
activation barrier for deuterium being somewhat higher than that of hydrogen.
Such a behavior is known from other materials already. Usually, it is explained
by the difference in the zero-point energy of the X–H and X–D species [178].
Here, X denotes the host atom.
In the case of the CuH2 complex the onset of hydrogen motion around Cu
atom occurs at 87 K, compared to 116 K for deuterium [18]. This difference
in temperature corresponds to a difference in the activation energy of about
0.1 eV.
Our assignment of the 330 cm−1 electronic transition to HBC is consistent
with the previous assignment of H-I to bond-centered hydrogen [23]. Indeed,
HBC is a shallow donor in ZnO [1], and therefore the electronic transition
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at 330 cm−1 and the H-I stretch mode should exhibit an identical annealing
behavior. Moreover, we expect a direct correlation of the E1(LO) phonon line
shape with the HBC concentration.
In order to describe quantitatively the influence of the annealing temperature
on the line shape of the E1(LO) phonon, we introduce the asymmetry A =
(ω+−ω0)/(ω0−ω−) of the line. Here, ω0 is the frequency at maximum intensity,
whereas ω+ and ω− are the frequencies obtained at half maximum on the high
and low frequency side of ω0, respectively.
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Figure 4.5 – Asymmetry of the E1(LO) phonon line at 591 cm−1 in ZnO
measured at T ≤ 20 K in the x(z,x)y geometry. The samples were treated
in H2, D2, or H2 + D2 at 725 ◦C. The solid lines are a guide to the eye.
Figure 4.5 shows the asymmetry of the E1(LO) phonon mode at 591 cm−1
obtained on the same set of ZnO samples as those presented in Fig. 4.4. The
comparison of the figures suggests a very similar annealing behavior of the
330 cm−1 line and asymmetry of the E1(LO) phonon mode.
This result is consistent with our suggestion that the change in the line shape
of the E1(LO) phonon signal is due to the Fano resonance between the phonon
mode and the continuum of the electronic states in the conduction band from
shallow donors formed via hydrogenation. Moreover, the correlation between
the stretch mode of H-I, the electronic transition at 330 cm−1 and the asymme-
try of the E1(LO) phonon suggests that the dominant donor is bond-centered
hydrogen.
If the 330 cm−1 line is the 1s→ 2pz transition, we can estimate the ionization
energy (Ed) of HBC. With the parameters presented in Ref. [65], we obtain
Ed ≈ 53 meV, which is very close to the ionization energy of the effective mass
shallow donor in ZnO at 50.15 meV [65].
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4.2.3 Concentration of HBC
In polar semiconductors, the Coulomb interaction between the infrared-active
lattice vibrations and the free carriers leads to a coupling of the LO opti-
cal phonons and the plasmon vibrations [56]. The resulting phonon-plasmon
modes show a distinct frequency shift compared to the uncoupled excitations.
We use changes in the line shape to estimate the concentration of HBC.
Figure 4.6 shows Raman spectra of the E1(LO) phonon mode at a sample tem-
perature of 340 K before and after hydrogenation. As expected, hydrogenation
results in a frequency shift ∆ω and a broadening of the Raman line. From the
data presented in the figure, we obtain ∆ω = 4 cm−1.
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Figure 4.6 – Raman spectra of the E1(LO) phonon measured at 340 K
in the x(z,–)y geometry on a virgin ZnO sample and the same sample after
treatment in H2 at 725 ◦C for 1 h.
In the limit of small ∆ω, the frequency shift is a linear function of the free
carrier concentration n [179]
∆ω ≈ ω
2
p
2ωLO
0 − ∞
0
. (4.1)
Here, ωp =
√
4pie2n/∞m∗e is the plasma frequency; m
∗
e = 0.27m0 the effective
mass of the electron; e the elementary charge; ∞ = 4 and 0 = 8 are the high
frequency and the static dielectric constants, respectively [174]. Note that for
the sake of simplicity we assume that ∞ and 0 are isotropic. The plasmon
damping is also disregarded.
Substituting the value of ∆ω = 4 cm−1 into Eq. (4.1) we obtain at 340 K a
concentration of free carriers of around 1017 cm−3. This concentration corre-
sponds directly to the amount of electrically active shallow donors.
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In Fig. 4.7 the free carrier concentration determined from ∆ω is plotted against
the sample temperature. The solid line is calculated for the case of one shallow
donor and nonexisting compensating acceptors.
The density of the states in the conduction band at room temperature was
assumed to be Nc = 4 × 1018 cm−3 [4]. The best agreement with the experi-
mental data is obtained for a donor ionization energy of Ed = 52± 2 meV and
the concentration of Nd = (1.5 ± 0.2) × 1017 cm−3. The value of Ed agrees
quite well with the one obtained from the frequency of the electronic transition
at 330 cm−1.
Note that our value ofNd is about a factor of 1.5 less than the one obtained from
free carrier absorption experiments [139]. In the referenced work, ZnO samples
received a hydrogen treatment very similar to ours. Earlier studies of the
phonon-plasmon coupling in ZnO have already established that the free carrier
concentration determined from the frequency shift of the E1(LO) phonon is
somewhat underestimated as compared to the one determined from electrical
measurements [179]. The difference decreases with increasing concentration.
For the concentration of Nd = 1.5× 1017 cm−3 in our samples the discrepancy
is within 30 %. Despite the differences in the donor concentration, we find no
change in the value of Ed if we scale up n(T ) by a factor of 1.3.
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Figure 4.7 – Free carrier concentration in a hydrogenated ZnO sample
obtained from the E1(LO) phonon frequency as a function of temperature.
Solid line—fit assuming that the main donor has an ionization energy of
Ed = 52 meV and concentration of 1.5× 1017 cm−3.
The passivation of compensating acceptors could also contribute to an E1(LO)
phonon shift. This situation is observed, for example, in hydrothermally grown
ZnO where introduction of hydrogen results in formation of the neutral LiH
complex rather than HBC [16,21,180]. However, the shallow donor concentra-
tion in the untreated sample is substantially lower than that after hydrogena-
tion (see Sec. 4.4). Since our original crystals are n-type, the concentration of
acceptor states in this material is comparatively low. Therefore, we rule out
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a pronounced acceptor passivation in our samples and attribute the phonon
shift only to the generation of shallow HBC donors.
4.2.4 Identification of H2 molecules
In section 4.2.2 it was established that bond-centered hydrogen is unstable
against thermal treatment at 190 ◦C. The dominant sink for HBC was suggested
to be the hydrogen molecule. H2 is expected to be invisible in IR absorption,
but could be detected in Raman scattering. First-principles calculations by
Wardle et al. found that the stretch mode frequency of interstitial H2 is located
at 4031 cm−1. We studied the corresponding spectroscopic region in the course
of the annealing process of HBC (see also Lavrov et al. [173]).
Figure 4.8 shows Raman spectra obtained at T ≤ 20 K from a ZnO sample
treated in H2 gas at 1000 ◦C. The spectrum recorded immediately after the
treatment (top) is dominated by the H-I local vibrational mode. The bottom
spectrum of figure 4.8 is recorded after subsequent annealing of the sample at
550 ◦C for 30 min. As follows from the figure, a new line at 4145 cm−1 appears
in the spectrum at the expense of the H-I mode at 3611 cm−1.
In order to gain insight into the nature of the mode at 4145 cm−1 similar
measurements were performed on samples treated in deuterium and a mixture
of both gases. The results are show in figure 4.9. As one can see, substitution
of H2 by D2 leads to an isotope shift of the transition to 2985 cm−1. Samples
treated with a mixture of H2 and D2 leads to both modes at 2985 and 4145
cm−1 and an additional line at 3626 cm−1.
Stretch mode frequencies of free H2 (4161 cm−1), D2 (2994 cm−1) and HD
molecules (3623 cm−1) are found to be very close to the observed LVMs [125].
These findings suggest that the transitions are caused by vibrational modes of
H2, D2, and HD, respectively.
Both of the two equivalent nuclei of the hydrogen molecule have spin 1/2.
Hence, the H2 molecule may possess a total nuclear spin of either 0 (para-H2
or p-H2) or 1 (ortho-H2 or o-H2). Within the model of H2 as a free rotator
located at the interstitial site of the ZnO lattice, coupling between vibrational
and rotational states has to be considered. Therefore, the stretch mode of H2
should be dependent on the rotational state J . Due to the Pauli principle,
the total wave function of the hydrogen molecule must be odd with respect
to permutations of the nuclei. Since the total nuclear spin of para-H2 is odd,
its J-value must be even. In the case of ortho-H2, the rotational quantum
number must be odd. The so-called ortho-para splitting between J = 1 and
J = 0 modes equals 6 cm−1 in the case of free H2 [125], whereas it is near 8–9
cm−1 for interstitial hydrogen trapped in GaAs, Si, or Ge [105,108,181].
During the pairing of two hydrogen atoms to form H2, the nuclear spins of
the two nuclei are randomly distributed. The ratio of the ortho- and para-H2
signals should only be determined by the degeneracy of the nuclear spin states,
that is, (2 × 1 + 1) : (2 × 0 + 1) = 3 : 1. According to the Pauli principle,
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Figure 4.8 – Raman spectra obtained on a ZnO sample measured at
T ≤ 20 K in the x(z,–)y geometry [173]. Top—immediately after treatment
in H2 gas at 1000 ◦C for 1 h. Bottom—after subsequent anneal at 500 ◦C
in Ar for 30 min.
the conversion from o-H2 to p-H2 is not allowed for the isolated hydrogen
molecule. Although this transition can occur by the participation of nearby
magnetic moments, one may expect the intensity of the two Raman signals to
be 3:1. Figure 4.10 shows a Raman spectrum of H2 in ZnO recorded with a
resolution of 2.5 cm−1. One can see that two modes appear in the spectrum.
The transition at 4145 cm−1 with higher intensity has already been detected
in the previous part of the section and is assigned to ortho-H2. The weak
transition at 4153 is the mode due to para-H2. The spectrum reveals an ortho-
to-para ratio of about 3:1 and an ortho-para splitting of 8 cm−1, in consistant
with the model of interstitial H2.
The stretch mode frequencies of H2, D2 and HD trapped at the interstitial site
of ZnO calculated by Wardle et al. are 4032, 2852, and 3497 cm−1, respectively
[132]. Taking into account a systematic redshift correction of about 100 cm−1
the calculated vibrational mode frequencies are in reasonable agreement with
the experimental values.
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Figure 4.9 – Raman spectra of ZnO samples measured at 20 K in the
x(z,–)y geometry [173]. The samples were treated at 1000 ◦C in H2 (bot-
tom), D2 (middle), and H2 + D2 (top) gas and subsequently annealed at
550 ◦C. Spectral resolution is 5 cm−1.
4.3 IR absorption
4.3.1 Calibration of the 3611 cm−1 mode
Previously, the concentration of hydrogen defects was obtained qualitatively
from the absorption of different stretch LVMs [141,152]. In IR absorption, the
concentrations of absorbing species are usually calculated from the intensity of
the local mode and the corresponding effective charge e∗ [43]. Our Raman data
presented in the previous section give us the concentration of HBC and allow
directly a calibration of the stretch mode at 3611 cm−1. For a concentration
of N3611 = Nd = 1.5×1017 cm−3 we determine the value of e∗. A value for the
integrated absorption coefficient of A = 3.6 cm−2 was obtained for the sample
from Fig. 4.7. Following Eq. (2.1) we get e∗ = 0.28± 0.03 e with an error due
to the uncertainty in N3611. For practical purposes, Eq. (2.1) is rewritten to
allow a direct determination of the HBC concentration.
N3611 = (4.6± 0.4) × 1016 cm−1
∫
α(σ)dσ . (4.2)
Equal concentrations of absorbing species give, according to Eq. (2.1), an ab-
sorption coefficient which is inversely proportional to the effective mass µ. We
checked this dependence by treating a ZnO sample in D2 gas. From the Raman
shift on E1(LO) and the position of the 330 cm−1 line we established that the
concentration of shallow donors and their ionization energy are equal in the H2
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Figure 4.10 – Raman spectrum of a ZnO sample measured at 20 K in
the x(z,-)y geometry [173]. The sample was treated at 1000 ◦C for 1 h
in H2 gas and subsequently annealed at 500 ◦C. Spectral resolution is 2.5
cm−1.
and D2 treated samples. In accordance with Eq. (2.1) the absorption coeffi-
cient measured on the 2668 cm−1 line of D-I dropped by a factor of 1.6, which
is in reasonably good agreement with the expected ratio of µO−D/µO−H = 1.9.
4.3.2 Shift of the 3611 cm−1 mode in an uniaxial stress field
The local vibrational mode of HBC was predicted to shift upwards in frequency
by 4 to 5 cm−1/GPa under hydrostatic compression [55,182]. In our study, we
derive the hydrostatic shift from the splitting of the HBC mode under uniaxial
stress. As described in Sec. 2.1.2.A, for hydrostatic pressure σik = σδik the
frequency shift of LVMs is given by ∆ω = σ Tr(A), where A is the piezospec-
troscopic tensor. Since A is a second-rank tensor the trace does not depend on
the coordinate system. Tr(A) can therefore be determined from the uniaxial
stress experiments provided the stress pattern is known for three orthogonal
directions.
Local vibrational modes of several hydrogen-related defects were recently stud-
ied under uniaxial stress and hydrostatic compression [138, 143, 145]. None of
the defects investigated revealed the proposed hydrostatic shift of an LVM up-
wards in frequency. The influence of uniaxial stress parallel to the c axis on
the 3611 cm−1 line was also investigated previously [145]. It was found that
this mode does not shift with the stress (A‖ = 0 cm−1/GPa). No experiments
for stress applied perpendicular to c were carried out and the hydrostatic shift
could not be determined. In the present study, uniaxial stress experiments are
performed for F ‖ [101¯0]. The results are presented in Fig. 4.11.
For F ‖ [101¯0], the 3611 cm−1 mode shifts upwards in frequency with stress.
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Figure 4.11 – IR absorption spectra and frequency shift of the 3611 cm−1
mode of the H-I defect obtained at T ≤ 10 K under uniaxial stress F ‖
[101¯0]. k ‖ [12¯10].
The data in the figure are fitted by A⊥ = 1 cm−1/GPa. For trigonal symmetry
the hydrostatic pressure shift is given by Tr(A)=A‖ + 2A⊥ = 2 cm−1/GPa.
The factor of two stands for two orthogonal directions perpendicular to c. The
result is roughly half the value of the theoretical prediction [55, 182], but is in
qualitative agreement with the identification of HBC as the H-I center.
4.4 Photoluminescence
4.4.1 Identification of an excitonic recombination at HBC
First, we consider the PL results obtained on the ZnO samples hydrogenated
from a plasma. Previously, it has been shown that this method results in the
formation of H-I [23]. The plasma treatment generates a strongly nonuniform
hydrogen profile with most of the hydrogen located at the sample surface. The
laser only excites the surface near regions and therefore the PL spectra are not
disturbed by the low hydrogen bulk concentrations. The hydrogenation from
a plasma is performed at substantially lower temperatures in comparison with
the thermal treatment in the H2 gas. This results in much less surface damage
and reduces the generation of non-radiative recombination centers.
Previously, the optical properties of excitonic recombinations in bulk ZnO have
been intensely investigated by means of photoluminescence in order to study
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the electronic structure of shallow defect states. Several excitonic recombina-
tion lines have been observed [65, 183]. However, the chemical nature of some
defects remained unknown. Generally, the no-phonon transitions are labeled
using an In nomenclature [184].
Figure 4.12 shows the PL spectra of a ZnO sample taken at 4.2 K in the
no-phonon region of excitons bound to shallow donors. The lower line in the
figure is the spectrum recorded from the virgin sample, whereas the upper line
represents the spectrum taken after hydrogenation at 350 ◦C in a plasma.
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Figure 4.12 – Sections of PL spectra of a ZnO sample taken in the
bound exciton region at 4.2 K. Lower spectrum—virgin material. Upper
spectrum—after hydrogenation in a dc plasma at 350 ◦C. The spectra are
normalized to the I9 line and offset for clarity.
The dominant signals in the virgin ZnO sample are those labeled D+X, I5,
I6, and I9. The D+X features are assigned to the excitons bound to ionized
donors [65], which indicates that some residual acceptors, most likely substitu-
tional Cu and/or Li, are present in the virgin material. The I6 and I9 lines are
associated with excitons bound to the shallow donors due to substitutional Al
and In, respectively [65,180,185]. The nature of the I5 line remains unknown.
Introduction of hydrogen changes the PL spectrum. The D+X features disap-
pear implying that hydrogen passivates the residual acceptors. What is more
important, a new signal labeled HBC at 3360.1 meV dominates the spectrum.
Two features labeled I6a (3360.4 meV) and I7 (3360.0 meV) could, in princi-
ple, be associated with HBC [65]. However, usually line positions in ZnO are
strongly affected by sample conditions. A difference of around ±0.2 meV was
reported [14, 65]. Therefore, an identification of PL lines based solely on line
positions is very speculative. A left-side shoulder at the I6 line in the spectrum
of the virgin ZnO sample indicates that the I6a/I7 lines are present already in
the PL spectra before hydrogenation and, thus, cannot be assigned to unstable
hydrogen centers.
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From our results reported in the previous sections, we know that our hydro-
genated sample contains shallow HBC donors in the order of 1017 cm−3. The
energy of the corresponding excitonic no-phonon transition (EHBC) can be
predicted on the basis of Haynes rule (see Sec.2.1.2.C), which was shown to
be valid for neutral shallow donors in ZnO [14, 65, 66]. From the donor en-
ergy of Ed = 53 meV obtained in Sec. 4.2 and the parameters given in ref-
erences [14, 65], we determine a line position at EHBC ≈ 3360.0 meV. The
estimated energy for the exciton bound to the shallow donor due to HBC is
in remarkable agreement with the line position of the new PL at 3360.1 meV.
Later on, we will give additional support for the identification of the PL line
as being due to the HBC donor. We will in the following label the PL line as
HBC instead of using the In nomenclature.
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Figure 4.13 – Sections of the PL spectra of a ZnO sample taken in
the TES region of excitons bound to neutral donors. T = 4.2 K. Lower
spectrum—virgin material. Upper spectrum—after hydrogenation from a
dc plasma at 350 ◦C. The spectra are normalized to the I9 line and offset
for clarity.
Figure 4.13 represents the two-electron satellite sections of the same samples
used in Fig. 4.12. The spectrum of the hydrogen plasma treated sample shows
a strong signal at 3319.3 meV. This signal correlates with the 3360.1 meV line.
The energy difference between the two signals 3360.1 − 3319.3 eV= 40.8 meV
matches quite well the 330 cm−1= 40.9 meV line of HBC from the Raman
spectra.
Additional support for HBC as the origin of the 3360.1 meV line comes from
the thermal behavior of the PL line. The annealing data presented in Fig. 4.4
show a different thermal stability for bond-centered hydrogen and deuterium.
The PL data should also reveal this difference between the two isotopes.
Figure 4.14 shows the intensity of the 3360.1 meV line as a function of the
annealing temperature. The filled circles and triangles stand for the results
obtained for the samples treated with hydrogen and deuterium, respectively.
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As expected, the thermal stability of the 3360.1 meV line depends on the
hydrogen isotope: The signal due to HBC does not change up to 110 ◦C,
whereas that of DBC retains constant intensity up to 150 ◦C. This behavior
agrees quite well with the thermal stability of HBC (DBC) obtained from the
Raman data.
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Figure 4.14 – Intensity of the 3360.1 meV line as a function of the anneal-
ing temperature. The samples were hydrogenated via thermal treatment
in the H2 (•) or D2 (4) gas at 725 ◦C for 1 h. The signals are normalized
to the I9 line. The solid lines in the figure are a guide to the eye.
At higher annealing temperatures the intensity of the 3360.1 meV line increases
again. This behavior seems to contradict the data presented in Fig. 4.4. We
explain the growth of the 3360.1 meV line at higher temperatures by a local
enhancement of the bond-centered hydrogen concentration. At elevated tem-
peratures bond-centered hydrogen becomes mobile and diffuses from the bulk
to the surface, thus increasing the concentration close to the surface.
Recently, Meyer et al. studied excited states of donor bound excitons in
ZnO [183]. It was demonstrated that in high quality bulk crystals, photo-
luminescence spectra recorded at 10 K are appropriate to resolve most of the
excited states. These levels can be divided into electronic excited states of the
excitons, donor-bound excitons with the hole being a hole from the B-valence
band of ZnO instead of the A-valence band, and rotational-vibrational states
of the bound exciton complexes. In the latter case, the excited state transitions
of HBC are expected to be 1.5–2 meV higher in energy than the ground state
recombinations [183]. In photoluminescence spectra recorded at 10 K (not
shown) with a very intense HBC signal, we see a weak shoulder blue-shifted
from the HBC line by approximately 1.8 meV which may be assigned to these
excited states. However, the energetic position of the transition is very close
to the I5 line reported in literature [65]. We do not have enough data to make
a definitive assignment.
Meyer et al. also investigated the correlation between ionized (D+X) and
neutral (D0X) donor-bound exciton recombinations [66]. It was shown that the
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localization energy of the ionized donor-bound excitons has a linear dependence
on the donor ionization energy, similar to Haynes rule for neutral bound exciton
complexes. With the parameters presented in Ref. [66], we obtain that the
D+X transition of HBC should be positioned at about 3.3721 eV. We do not see
any D+X recombination near this energy. Subsequently after hydrogenation,
HBC is the dominant shallow donor. Furthermore, hydrogen passivates most
of the acceptors which have been present in the virgin material. Due to both
facts, the Fermi-level is expected to be situated close to the bottom of the
conduction band which is consistent with the absence of D+X recombinations
in our spectra of hydrogenated samples.
4.4.2 The I4 donor
A no-phonon recombination of excitons bound to a hydrogen donor, the I4
line, was reported at 3362.8 meV. The ionization energy of the corresponding
shallow donor I4 is 47 meV [14, 65]. Theory proposes two hydrogen donors in
ZnO: bond-centered hydrogen, HBC, and hydrogen trapped within the oxygen
vacancy, HO [1, 10]. Our results strongly indicate that the latter donor is a
reasonable model for I4.
As shown in Fig. 4.12, the treatment of samples in a hydrogen plasma at
350 ◦C gives rise only to HBC. In contrast, samples treated in H2 gas at higher
temperatures exhibit the I4 line. Results are presented in Fig. 4.15.
Two spectra are given in the figure: the one taken on a virgin ZnO sample
(lower spectrum) and the one obtained directly after thermal treatment in the
H2 gas at 725 ◦C for one hour (upper spectrum). Thermal treatment at high
temperatures in H2 gives rise to the I4 line. The corresponding TES signal due
to the 2p excitation, shifted by 33.2 meV from the main line at 3362.8 meV
was also detected.
We note a broadening of all PL lines in the H2 gas annealed samples. Appar-
ently, the high temperature treatment damages the sample surface and leads
to defects and strain close to the surface. The plasma treatment at 350 ◦C
generates sharp PL lines, indicating a less damaging introduction of hydrogen
into the sample. In Fig. 4.15 the intensities of I4 and HBC are approximately
equal. On the other hand, the 1s → 2p TES excitation of the I4 donor at
265 cm−1 (see Ref. [65]) could not be detected in our Raman spectra from this
sample (see Section 4.2).
4.4.3 HBC versus I4
A ZnO sample was treated in H2 gas at 745 ◦C for one hour. Subsequently, the
sample was etched in ortho-phosphoric acid to generate a wedge (see Section
3.1). The PL spectra were recorded at different heights of the sample, which
corresponds to different depths below the original surface. Fig. 4.16 plots the
normalized PL intensities of HBC and I4 donors vs. sample depth.
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Figure 4.15 – PL spectra of a ZnO sample taken in the bound exciton
region at 4.2 K. Lower spectrum—virgin material. D+X transitions are
due to I6 and I9 lines. Upper spectrum—after treatment at 725 ◦C in the
H2 gas for 1 h. The spectra are normalized to the I9 line and offset for
clarity.
The profiling experiments were performed for several samples treated at tem-
peratures from 695 to 765 ◦C. In all cases we found that the concentrations
of I4 and that of HBC anti-correlate: The majority of the I4 donors is located
at the sample surface. Their concnetration decreases exponentially with the
sample depth, whereas the bond-centered hydrogen has a minimum concen-
tration at the sample surface and a constant concentration in the bulk of the
sample. The solid line for the fit of the I4 intensity in Fig. 4.16 corresponds
to an exponential profile II4 ∝ exp(−γx). The fit for the HBC concentration
assumes a complementary dependence IHBC ∝ a− exp(−γx). The penetration
depth γ−1 = 2 µm is the best fit to the data.
The profiling experiments were performed for hydrogenation temperatures in
the range 695 to 755 ◦C. In all cases we found that the concentration of I4 and
that of HBC anti-correlate. Fig. 4.17 presents the temperature dependence of
the penetration depth γ−1 of the I4 donor. As one can see, γ−1 rises with
increasing annealing temperature.
The inhomogeneous donor concentrations explain the missing Raman signal
for the I4 donor in the samples treated in H2 gas. Our Raman measurements
probe the bulk rather than the surface of the ZnO samples. The anti-correlation
between HBC and I4 is an important result which implies that the formation
of the I4 donor occurs at the expense of bond-centered hydrogen.
Annealing of ZnO in an oxygen-poor ambient at elevated temperatures leads
to a preferential loss of oxygen atoms. Close to the surface the excess of Zn
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Figure 4.16 – Intensity profiles of the PL lines due to HBC and I4 taken
at 4.2 K as a function of ZnO sample depth. The sample was treated in
H2 at 745 ◦C for 1 h. The intensities are normalized to I9. The lines are
fits to the data (see text).
leads to a non-stoichiometric composition [186]. The oxygen vacancy, VO, is a
low energy defect and should be easily formed at elevated temperatures in high
concentrations [149]. This implies that the dominant defect resulting from the
high temperature treatment of ZnO in the oxygen-poor ambient is VO.
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Figure 4.17 – Penetration depth γ−1 of the I4 donor as a function of the
annealing temperature T . The samples were hydrogenated in H2 for 12 h.
In n-type ZnO, the oxygen vacancy would be neutral and electrically inactive,
but the incorporation of hydrogen turns the vacancy into a shallow donor. The
calculated binding energy of HO with respect to HBC and VO was found to be
0.8 eV [1], which is consistent with the thermal stability of I4.
The absence of I4 in the PL spectra after hydrogenation from a plasma is
explained by the low treatment temperature: There is no VO available to form
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HO at 350 ◦C. On the other hand, the formation of VO is consistent with the
concentration profiles of I4 and HBC shown in Fig. 4.16. The maximum excess
of Zn is expected at the sample surface.
The identification of I4 was supported by an experiment where a virgin ZnO
sample was first annealed in vacuum at 725 ◦C for one hour.
The PL spectrum taken after this treatment is shown by the lower solid line in
Fig. 4.18. The vacuum anneal does not result in formation of hydrogen donor
but generates VO in high concentrations. Note that the two weak signals at
about 3.360 eV most probably belong to I7 (left) and I6 (right) and have been
already observed in the original material (spectrum not shown). Subsequently,
the ZnO sample was treated in a hydrogen plasma at 350 ◦C. Now the PL sig-
nals of I4 and HBC are detected with approximately equal intensities (Fig. 4.18,
upper spectrum). A low temperature plasma treatment without a preanneal
at high temperatures gives no PL from I4 (see Fig. 4.12). Obviously, both hy-
drogen and the thermal treatment in the oxygen-poor ambient are necessary
to form I4. This result strongly supports our model of I4 as a hydrogen bound
to the oxygen vacancy, HO.
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Figure 4.18 – PL spectra of a ZnO sample taken in the bound exciton
region at 4.2 K. Lower spectrum—after anneal in vacuum at 725 ◦C for
1 h. Upper spectrum—after subsequent hydrogenation from plasma at
350 ◦C. The spectra are normalized to the I9 line and offset for clarity.
The local mode of HO is expected to be much lower in frequency compared
to HBC at 3611 cm−1. Theory finds a value around 760 cm−1 [10]. It follows
that the IR absorption of an LVM of HO would be almost impossible to detect,
because of the extremely strong absorption of ZnO in the corresponding spec-
troscopic region [20]. Raman scattering could be another means to detect the
local mode. However, all HO is located at the sample surface (see Fig. 4.16)
and escapes detection in our Raman studies. A Raman investigation on ZnO
samples with a homogeneous concentration profile of HO would be needed to
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detect the local vibrational mode of the defect.
The small peak in the spectrum of the hydrogen plasma treated sample is
assigned to the I2 line, which corresponds to the D+X transition of I9 (In
donor) [66]. The occurence of D+X transitions indicates the presence of com-
pansating acceptors and is contrary to our expectations. We are vague about
the nature of the acceptor defects in the present sample.
4.5 Photoconductivity
PTIS experiments performed on ZnO have been sparcely reported [16,145,180,
187]. As already pointed out in Sec. 2.1.2.D. PTIS is an extremely sensitive
photoconductive technique. In Si and Ge a detection limit of shallow impurity
concentrations was calculated as low as 107 cm−3. The high sensitivity of PTIS
is of special importance for ZnO where all 1s → 2p transitions of the shallow
donors are within or close to the Reststrahlen band between the lowest TO
(380 cm−1) and the highest LO (591 cm−1) phonon modes. In this spectral
range the reflectivity and/or absorption of the bulk ZnO are large [188–191],
thus making a direct absorption measurement on these transitions an extremely
challenging task.
Here, we study the shallow hydrogen donors in ZnO samples, which were heat
treated in H2 gas. Previously, two photoconductivity studies of shallow hydro-
gen donors in ZnO were reported. ZnO samples similar to the ones considered
in this study [16] and a virgin ZnO sample obtained from Eagle Picher [187]
were investigated. It was shown that a number of photoconductivity lines ap-
pears after hydrogenation from a dc plasma, whereas the others are present in
the virgin material already. In particular, the PTIS lines at 180, 240, and
268 cm−1 were tentatively associated with hydrogen shallow donors. The
preliminary studies, however, did not lead to an identification of the shallow
donors.
Figure 4.19 shows PTIS spectra obtained from a ZnO sample treated in H2 at
725 ◦C. The measurements were performed with the polarizer aligned either
parallel or perpendicular to the c axis. The line at about 265 cm−1 dominates
the spectrum. The exact frequency of this transition depends on the polarizer
orientation: 262 and 267 cm−1 for E ‖ c and E ⊥ c, respectively. This
frequency difference corresponds to the splitting between the 2pz and 2pxy
states of a shallow donor in ZnO [65].
Moreover, the 265 cm−1 line matches exactly the energy of the 1s→ 2p tran-
sition obtained for the I4 donor from PL studies [14,65]. The donor excitation
confirms the identity of the I4 donor with HO.
The arrows in Fig. 4.19 indicate the expected frequencies of the 1s → 2p
transitions of the other shallow donors seen in the PL spectra.
No signal from I9 or the direct transitions from the donor ground state to the
conduction band are detected due to the strong absorption in the Reststrahlen
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Figure 4.19 – Photoconductivity spectra taken at 12 K on a ZnO sample
treated in the H2 gas at 725 ◦C for 1 h. k ‖ [101¯0]
band. The estimated frequencies of the 1s → 3p (325 cm−1) and 1s → 4p
(345 cm−1) transitions of the HO donor coincide with the 1s→ 2p transitions
originating from the HBC and I8 donors, respectively [65]. Therefore, we cannot
rule out the possibility that part of the HBC and I8 signals seen in Fig. 4.19
originates from the 3p and 4p states of the HO donor. Due to the considerable
line broadening, a more detailed analysis of the PTIS lines is not possible at
present.
We identified the 310 cm−1 line labeled I6 as the 1s → 2p transition of the
shallow donor Al (see [180]). The line splits into two signals positioned at
307 and 312 cm−1 if the polarizer is aligned parallel and perpendicular to c,
respectively. This behavior is consistent with the splitting between the pz and
pxy states of a shallow donor in ZnO [65].
In Fig. 4.20 two spectra from a ZnO sample treated in H2 gas at 725 ◦C are
given. Spectrum (a) belongs to the original sample, whereas (b) is measured
after removing of 5 µm from the sample surface. The intensity of the HO signal
drops in spectrum (b) and two new lines at 180 and 235 cm−1 appear.
The change in the PTIS spectrum of the polished sample occurs in accordance
with the PL results presented in Section 4.4. With increasing sample depth,
the intensity of the HO line becomes weaker than that of HBC. Thus, photocon-
ductivity measurements are consistent with the depth profile of HO obtained
from PL.
The 265 cm−1 line dominates the PTIS spectra even though the HO donors are
located only within 5 µm of the sample surface. Such a high surface sensitivity
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Figure 4.20 – Photoconductivity spectra taken at 12 K on a ZnO sample
treated in H2 gas at 725 ◦C for 1 h: (a)—measured directly after the
treatment; (b)—after removal of 5 µm from each surface of the sample.
k ‖ [101¯0]
makes PTIS a favorable technique to study ZnO thin films.
4.6 Discussion
Bond-centered hydrogen is a shallow donor in ZnO. We identified signals due
to HBC in Raman scattering, IR absorption, photoluminescence, and photo-
conductivity. This allowed us to determine the ionization energy of HBC and
investigate its thermal stability. From a comparison of our experimental data
against first principles calculations, a microscopic structure of the defect was
deduced: Hydrogen primarily bound to an oxygen atom with the O–H bond
aligned parallel to the c axis. The stretch mode of the O–H bond was shown
to have a frequency of 3611 cm−1.
Earlier investigations seem to contradict the identification of HBC. Based on
the analogous behavior of the absorption line intensities in the course of an
isochronal annealing series, our group associated the local mode of H-I at
3611 cm−1 with two electronic transitions at 1430 and 1480 cm−1 [20]. From
the frequency of these modes, a deep donor energy of around 200 meV was
estimated. Due to the connection of the H-I local mode with a deep donor, no
correlation with the shallow donor HBC was made.
A more careful analysis reconciles our interpretation of HBC. Experiments have
shown that HBC is the dominant donor in our ZnO samples, which determines
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the position of the Fermi-level. On the other hand, the Fermi-level position
fixes the charge state of the defects. The LVM frequency of defects depends on
the charge state. Therefore, a shift in Fermi-level, e.g. by hydrogenation, will
lead to a change in the intensity of the local mode. In the annealing exper-
iments reported in Ref. [20], the intensity of the local modes was incorrectly
interpreted as the total defect concentration instead of the concentration of one
charge state of the defect. Based on the strong identification of the shallow
donor HBC, we suggest that the observed correlation of the 1430, 1480, and
3611 cm−1 absorption lines is due to the shift in the Fermi-level position and
the electronic transitions at 1430 and 1480 cm−1 are not related to the HBC
defect.
Another possible explanation may be given by the diffusion process of HBC.
The disappearence of the H-I local vibrational mode at 3611 cm−1 in the course
of the annealing series is due to diffusion of HBC and subsequent trapping at
some other defects. An interaction between HBC and the defect underlying the
1430 and 1480 cm−1 transitions may account for the similar annealing behavior
of the absorption lines.
Another correlation was detected between the intensity of the 3611 cm−1 line
and a line at 3326 cm−1 [139]. Because the structure of the two defects is
different (HBC vs. possibly VZnH−), a direct association with the Fermi-level
shift with hydrogenation was proposed [24]. Another possible explanation is a
trapping process of HBC by the 3326 cm−1 defect that leads to the disappear-
ance of both IR signals. The correlation will be examined in more detail in
chapter 5.
The 330 cm−1 Raman line of the HBC shallow donor assigned to the 1s →
2s(2pz) transition should be difficult to observe according to theoretical con-
sideration [56]. An exception could be expected, however, near resonance. For
example, the 1s → 2s(2pz) transitions due to the Cl donor in CdS were de-
tected using the 488 nm line of the argon laser, which is close to the band gap
of CdS [176]. Such a resonance is not possible in our study, since the 532 nm
line does not match the band gap of ZnO.
An investigation of the band structure of ZnO reveals another possible reso-
nance [174]. The energy difference between the minimum of the conduction
band and the next energy level at the Γ point of the Brillouin zone (Γ3) is
2.25 eV. This value plus the ionization energy of an ideal shallow donor in
ZnO gives 2.3 eV. This energy coincides with the 2.33 eV energy quantum of
the 532 nm line. A strong intensity of the 1s → 2s(2p) Raman transitions of
shallow donors in ZnO is, therefore, possible by selecting the proper excitation
energy.
The stability of isolated hydrogen (HBC) is unexpected. Theory predicts an
activation energy for diffusion of around 0.5 eV [140]. This means that bond-
centered hydrogen should be very mobile already at room temperature and
high concentrations of HBC would not be possible. Recently, stress-induced
dichroism was employed to address the issue of hydrogen diffusion by studying
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the motion of hydrogen in the copper-hydrogen complex. It was suggested that
the reorientation barrier for H in CuH is not far from the activation energy of
hydrogen diffusion. The reorientation barrier was found to be approximately
0.5 eV, which seem to confirm the theoretical findings. SIMS measurements on
ZnO samples exposed to deuterium plasma are consistent with theory as well:
The diffusion barrier for deuterium was found to be 0.17 ± 0.12 eV [74].
However, these results seem to contradict the apparent stability of HBC, which
was found in the present work. The early studies on hydrogen diffusion by
Mollwo [130] and Thomas and Lander [131] suggest activation energies of
0.9–1.1 eV. In these experiments the diffusion barrier was estimated from the
change in conductivity of the ZnO samples. Considering our results on H2
the studies of Mollow and Thomas and Lander have to be reconsidered. The
hydrogen molecule is electrically inactive and cannot be directly detected in
conductivity measurements. Furthermore, subsequently after hydrogenation
bond-centered hydrogen is the dominant defect in the ZnO samples. As a
shallow donor, HBC is ionized at room temperature. The Coulomb repulsion
between the two neighboring positively charged hydrogen ions should slow
down the formation rate of H2 and, hence, contribute to the stability and/or
diffusion of hydrogen in ZnO. These facts may explain the observed stability
of HBC in the present work and the enhanced activation energy of hydrogen
diffusion as determined from the conductivity measurements of Mollwo and
Thomas and Lander.
Evidence for H2 as a sink for HBC comes from Fig. 4.8 in section 4.2.4. Addi-
tional support is given by the annealing data presented in Fig. 4.4. As pointed
out already, the D-I signal is somewhat more stable in the sample treated in
D2 gas as compared to the mixture of H2 and D2. The diffusion of HBC and
DBC and the formation of the HD molecule explains this finding.
The formation of the H2 molecule, as shown in section 4.2.4, should be con-
sidered in more detail. The left-hand side of figure 4.21 shows the formation
energy of hydrogen-related defects in ZnO as predicted by first-principles cal-
culations from Van de Walle [1]. As one can see, HBC is the lowest energy
state of hydrogen in ZnO over the entire range of Fermi-level positions except
those close to the conduction band minimum. This is consistent to our results:
when the ZnO sample is hydrogenated (hydrogen-rich conditions) at high tem-
perature (1000◦C), the Fermi-level is situated deep in the upper half of the
band gap. For instance, the simple model of a dominant shallow donor with
concentration of Nd = 1017cm−3 (Nd = 1018cm−3) and an ionization energy of
∼50 meV yields a Fermi-level ∼0.64 eV (∼0.4 eV) below the conduction band.
Thus, H+i is more stable than the interstitial H2 molecule. As shown in the
previous sections, HBC appears to be the dominant shallow donor subsequently
after high temperature hydrogenation of the ZnO samples. With the parame-
ters employed in this work, the concentration of HBC could be estimated to be
higher than 1017 cm−3. Since HBC is a shallow donor the Fermi-level position
is determined by this defect. In the subsequent annealing process at 550 ◦C,
the quantity of HBC ensures that the Fermi-level is located close to the bottom
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of the conduction band. Hence, the observed formation process of H2 in ZnO
is allowed by basic thermodynamic principles.
Recently, Du and Biswas [192] performed first-principles calculations on atomic
hydrogen, the interstitial hydrogen molecule, and the H2 molecule trapped in
the oxygen vacancy (V2+O -H2). It is proposed that V
2+
O -H2 causes the local
vibrational modes in ZnO observed by Raman spectroscopy and is the hid-
den hydrogen species rather than interstitial H2. The right-hand side of Fig.
4.21 shows the formation energy diagram of several hydrogen-related defects
as computed by Du and Biswas. The calculations assume oxygen-poor and
hydrogen-rich conditions as well as a “zero-temperature”. As one can see from
the figure, H+i is deeper in energy than interstitial H2 over the entire band
gap. The V2+O -H2 complex is more stable than H
+
i for EF < 1.4 eV, whereas
H+i is preferred for higher Fermi-levels. The argument of Du and Biswas is
as follows: the annealing of the hydrogenated sample at 550◦C eliminates the
dominant shallow H+i donor, which has a low migration barrier and either is
trapped at oxygen vacancies to form HO or diffuses out of the sample. The HO
donor is, however, concentrated close to the surface (see also Sec. 4.4.3). As a
result, Du and Biswas suggest that the Fermi-level in the interior of the ZnO
samples may be substantially lowered, favoring the formation of V2+O -H2.
The model of Du and Biswas meets several difficulties. First of all, V2+O -H2 is
more stable than H+i if the Fermi-level is situated below mid-gap. However, our
crystals are n-type before hydrogenation. Thus, we expect that EF is close to
the conduction band throughout the ZnO sample and formation of V2+O -H2 is
prevented. Note that the formation energies presented in the right side of Fig.
4.21 reflect the most favorable conditions for V2+O -H2. Moving towards oxygen-
rich conditions, the formation energy of V2+O -H2 increases, whereas Ef (H
+
i ) and
Ef (H2) remain basically unchanged. It should be also kept in mind that the
chemical potentials µi in Eq. 2.8 are temperature and pressure dependent. In
principle, the chemical potential of the hydrogen atoms µH can be related to
the partial pressure of H2 gas (see Ref. [81]). An enhancement of the annealing
temperature results in a higher chemical potential of the hydrogen atom and,
hence, reduces the formation energies Ef (H
+
i ) and Ef (H2).
We also want to comment on the LVMs computed by Du and Biswas (see
Table I of Ref. [192]). The calculations predict a stretch mode of interstitial
H2 at frequencies close to that of H2 in vacuum, whereas the LVM of V2+O -H2 is
about 200 cm−1 lower in frequency. In principle, these findings can provide a
benchmark for the identification of the observed vibrational modes. However,
there is discrepancy in the frequencies of the free H2 molecule as determined
by experiment: Stoicheff [125] gives a value of ∼4160 cm−1, whereas Du and
Biswas refer to the experimental value 4395 cm−1 reported by Huber and
Herzberg [193]. The former reference supports interstitial H2 as a model for
the hidden hydrogen species, the latter favors V2+O -H2.
Our identification of HO is somewhat less substantial in comparison with HBC.
This assignment is mainly based on the anti-correlation between the concen-
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Figure 4.21 – Left side — formation energies of the lowest-energy con-
figuration of interstitial hydrogen in ZnO as a function of Fermi-level,
obtained by first-principles calculations. The energy of a free H2 molecule
is taken as reference. The zero of Fermi energy is the top of the valence
band. Right side — formation energy diagram of several hydrogen-related
defects in ZnO as calculated by Du and Biswas [192].
tration profiles of these donors determined from the PL data presented in
Section 4.4. Previous photoluminescence studies established that the shallow
donor giving rise to the I4 line is stable up to 500 ◦C [14,65]. This agrees with
theoretical calculations presented in Ref. [10] and favors our assignment of the
I4 line to HO.
Finally, we want to comment on the PTIS signals at 180 and 235 cm−1 (see
Fig. 4.20). These lines appear after hydrogenation and were previously asso-
ciated with hydrogen [20]. Assuming that these are 1s → 2p transitions we
obtain that the ionization energies of the corresponding shallow donors are 35
and 42 meV, respectively. A hydrogen donor with the ionization energy of
35 meV was also reported [13]. These findings indicate that HBC and HO are
not the only hydrogen donors in ZnO and further investigations are needed to
deepen our knowledge of hydrogen behavior in this material.
4.7 Conclusions
Hydrogen donors in ZnO are studied by Raman scattering, IR absorption,
photoluminescence, and photoconductivity. Two shallow donors are identified:
bond-centered hydrogen, HBC, and hydrogen bound within the oxygen vacancy,
HO.
HBC is the dominant donor and appears directly after hydrogenation of va-
por phase grown ZnO. The decay of an exciton bound to HBC results in the
photoluminescence line at 3360.1 ± 0.2 meV. The internal 1s → 2p transition
of HBC is detected at 330 cm−1 in Raman scattering and photoconductivity
spectra. The local vibrational mode of the O–H bond comprising the bond-
centered hydrogen has a frequency of 3611 cm−1 (H-I) and an effective charge
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of 0.28± 0.03 e. The concentration of HBC was determined from the frequency
shift of the E1(LO) phonon-plasmon mode at 591 cm−1. The ionization en-
ergy of HBC at 53 meV was established from the temperature dependence of
the free carrier concentration. Bond-centered hydrogen was found to be un-
stable against annealing at 190 ◦C. The stability is, however, determined by
the diffusion process and the trapping by other defects. There is evidence that
HBC captures another HBC and forms H2. The molecule is a free rotator with
LVMs at 4153 and 4145 cm−1 due to the stretch modes of para- and ortho-H2,
respectively. The measurements verify H2 as a “hidden” hydrogen species in
ZnO.
The HO donor was shown to have an ionization energy of 47 meV. In pho-
toluminescence, an excitonic recombination of the HO donor results in the
well-known I4 line at 3362.8 meV. A 1s → 2pz(2pxy) electronic transition at
265 cm−1 of HO is detected in the photoconductivity spectra. The donor is
created by an anneal in an oxygen-poor ambient with subsequent or simulta-
neous incorporation of hydrogen. The formation occurs via trapping HBC at
the vacancies left by the out-diffusing oxygen.
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Chapter 5
Acceptor-hydrogen complexes in
ZnO
5.1 Introduction
As mentioned in chapter 1, the difficulty in p-type doping can be attributed to
a variety of causes. One reason is the high-level of unintentional donor defects
which lead to a compensation of possible acceptor levels. This issue has been
discussed in chapter 4. Another problem which hinders p-type conductivity
is the passivation of shallow acceptors by unintentional hydrogen impurities
in the course of acceptor-hydrogen complex formation. Furthermore, defects
with deep levels in the band gap influence the electrical properties of semicon-
ductors since they contribute to the compensation of shallow impurities. The
understanding of acceptor-hydrogen complexes is of essential importance for
future device developments.
In the last decade, many acceptor-hydrogen complexes were studied by means
of spectroscopic techniques. In fact, evidence was given for lithium [19–21],
copper [17,18,194], or nitrogen [22] acceptor passivation by hydrogen (see also
Sec. 2.2).
Despite the considerable progress achieved in the last decade, a number of
hydrogen-related issues remains controversial. Theory predicts that the Zn
vacancy exists in significant concentration in O-rich conditions [9,132,149–151].
The calculations found that VZn is a double acceptor, with (−/0) and (2−/−)
transition levels in the lower half of the band gap. The defect is therefore
expected to be in the −2 charge state in n-type ZnO.
The high mobility of isolated hydrogen and the Coulomb attraction between
H+BC and V
2−
Zn could easily result in the formation of VZnHn complexes. Indeed,
it was shown that the zinc vacancy completely passivated by two hydrogen
atoms, VZnH2, gives rise to absorption lines at 3312 and 3350 cm−1 [23, 195].
On the contrary, no unambiguous identification of the partly passivated com-
plex, VZnH, has been reported so far.
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The subject of this study is the XH defect observed by McCluskey et al. [141].
The microscopic structure of XH is still in debate. Initially, the defect was
tentatively assigned to isolated hydrogen located at an anti-bonding lattice site
aligned perpendicular to the c axis [138]. More recently, two alternative models
were proposed for the XH complex: a calcium-hydrogen complex [133,144] and
VZnH in the negative charge state [24].
XH gives rise to an absorption line at 3326 cm−1 due to the stretch mode
of the O–H bond, which forms an angle of about 110◦ with the c axis. It
was also established that illumination of ZnO samples with sub-band gap light
results in a decrease of the 3326 cm−1 line intensity [139, 196]. This behavior
was tentatively interpreted as a transition of the XH defect to another charge
state. A change in the electronic charge of the defect modifies the strength of
the bonds and thus the LVM frequencies. As mentioned in Sec. 2.1.2.A, the
effect is generally larger for deep level centers, which form strongly localized
states. Then, the shift of the vibrational lines is often easily observed. In the
case of the XH defect, however, no IR absorption line was found which could
be assigned to the LVM of XH in the other charge state.
In this chapter, an IR absorption study of the XH defect under sub-band gap
illumination is presented. It is shown that such illumination results in the
appearance of an IR absorption line at 3358 cm−1 at the expense of the main
signal at 3326 cm−1. The measurements reveal that XH has a level deep in
the band gap of ZnO. Isotope substitution experiments, transition rates at
different temperatures, uniaxial stress data, and thermal stability of the XH
defect are reported. In view of these experimental findings the microscopic
structure of the XH defect is discussed.
5.2 General properties of the IR lines of the XH de-
fect
IR absorption spectra for a melt-grown ZnO sample treated in H2 gas for
1 h are presented in the right panel of Fig. 5.1. Spectrum (a) was measured
without sub-band gap illumination, whereas spectra (b) and (c) were measured
after illumination with a HeNe laser for 15 and 60 min, respectively. Only
the 3326 cm−1 line of the XH(n) complex is seen in the spectrum without
illumination [141]. Here, the n superscript is employed to denote the charge
state (yet unknown) of the defect.
The sub-band gap light gives a decrease of the 3326 cm−1 line intensity, as
can be seen from the spectra (b) and (c) in the figure. Furthermore, the
illumination also results in the appearance of a weak IR absorption line at
3358 cm−1.
We note that the effect of the sub-band gap light on the intensity of the
3326 cm−1 line was also studied by Shi et al. [139] and Nickel [196]. No extra
line, however, was reported by these authors, which would appear at the ex-
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Figure 5.1 – IR absorption spectra obtained from ZnO samples after
thermal treatment in the H2 (right panel) and D2 gas (left panel) at 725 ◦C
for 1 h. The spectra were recorded without (a) and under sub-band gap
illumination with a HeNe laser for 15 min (b) and 60 min (c).
pense of the main signal at 3326 cm−1. The weakness of this line presumably
explains why the photoinduced signal has escaped observation so far.
To get insight into the nature of the 3358 cm−1 line, IR absorption spectra
for a melt-grown ZnO sample treated with D2 gas were also recorded. They
are presented in the left panel of Fig. 5.1. Without sub-band gap illumination
only the line due to the XD(n) complex at 2471 cm−1 is seen. Similar to the
case of XH(n), illumination with the HeNe laser results in the appearance of a
new line at 2489 cm−1 at the expense of the main signal at 2471 cm−1.
The frequency ratio of the photoinduced lines at 3358 and 2489 cm−1 is 1.35,
which is close to the value expected for an harmonic oscillator that consists of
a hydrogen atom bound to an oxygen atom,
√
µD/µH = 1.37, where µH and
µD are the reduced masses of the 16O–H and 16O–D units, respectively. Based
on this we conclude that the 3358 cm−1 line is a local vibrational mode of the
O–H species.
In order to investigate the relation between the photoinduced 3358 cm−1 line
and the 3326 cm−1 line of the XH complex, IR absorption spectra at different
stages of the sub-band gap illumination were obtained. The results are pre-
sented in Fig. 5.2. It shows the integrated intensity of the 3358 cm−1 mode as
a function of the reduction of the intensity of the main signal at 3326 cm−1.
As follows from the figure, the two signals are linearly related. The best-fit
of the experimental data shown by the solid lines reveals that the intensity
of the photoinduced 3358 cm−1 mode is a factor of κH = 7 ± 1 weaker than
the corresponding reduction of the XH(n) signal. This factor was found to be
independent of the ZnO samples, which suggests that the 3326 and 3358 cm−1
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Figure 5.2 – Integrated absorption coefficients of photoinduced lines at
3358 and 2489 cm−1, I(n+1), as a function of the reduction of the main
signals at 3326 and 2471 cm−1, ∆I(n), respectively. The solid lines are
best-fit curves of the experimental data.
lines are due to different charge states of the same defect. Similar behavior was
found for the XD complex (see Fig. 5.2), although the value of κD = 4.4± 0.7
is somewhat less than that of XH.
At this stage we are uncertain about the charge states of the XH(n) complex
giving rise to the 3326 and 3358 cm−1 modes. Two possibilities can be consid-
ered: (i) photoinduced transition of an electron(s) from a defect level Ec−EXH
into the conduction band; and (ii) photoinduced transition of an electron(s)
from the valence band onto the defect level. Since all ZnO samples investigated
in this work have n-type conductivity, the second possibility should be ruled
out. Moreover, taking into account the fact that only two IR modes of the XH
complex were detected, we suggest that the 3326 and 3358 cm−1 lines are local
vibrational modes of XH(n) and XH(n+1), respectively.
The integrated absorption coefficient A of a local vibrational mode due to the
O–H bond of the XH complex is given by Eq. 2.1 in Sec. 2.1.2.A. It follows that
the value of A quadratically depends on e∗. From here we find that the ratio
of the effective charges of the O–H (O–D) bond e∗n/e
∗
n+1 =
√
κH(D) ≈ 2.6 (2.1).
Such a behavior is not surprising, since the microscopic structure of a point
defect and hence the effective charge of its vibrational modes should depend on
the charge state. A well-known example of this kind is bond-centered hydrogen,
HBC, in silicon [197]. The local vibrational mode of H+BC gives rise to the
1998 cm−1 absorption line as measured at 10 K [198, 199]. Band-gap light
causes a fraction of H+BC to convert into H
0
BC [200]. This conversion results
in the decrease of the 1998 cm−1 line intensity without, however, noticeable
appearance of an absorption line due to H0BC [199]. This behavior is explained
by the considerably smaller value of e∗0 in the neutral charge state of HBC
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compared to that of e∗+ [199]. The similarity between HBC and XH suggests a
negative value of n.
Since the ZnO samples employed in this study were c-cut wafers, defects con-
sisting of O–H bonds aligned parallel to c cannot be detected by IR absorption
at normal incidence of the light beam. To exclude the possibility that some
amount of XH(n+1) escaped observation due to alignment parallel to the c axis,
IR absorption measurements with polarized light for a sample turned at a 45◦
angle with respect to the [101¯0] axis were also performed. No extra mode,
which might appear because of the sub-band gap illumination, was detected.
Moreover, the polarization properties of the 3326 and 3358 cm−1 lines were
found to be identical. We take this as an indication that no O–H bond reori-
entation of the XH complex takes place at 10 K and thus all charge states of
the defect are detected in our measurements.
5.3 Wavelength dependence of the XH(n) to XH(n+1)
transition
In order to get insight into the position of the Ec −EXH level in the band gap
of ZnO, the wavelength dependence of the XH(n) to XH(n+1) conversion was
investigated. The experiment was done as follows. First, a ZnO sample was
cooled down in dark to approximately 10 K and an IR absorption spectrum
was taken. Subsequently the sample was exposed to sub-band gap illumination
from the built-in quartz light source of the FTIR spectrometer through a low-
pass filter (see Section 3). GaP, GaAs, and Si wafers were employed as low-pass
filters. The cut-off frequencies of these filters determined by the corresponding
band gaps are 2.25, 1.42, and 1.11 eV, respectively. After the illumination IR
spectra were recorded. The results of this experiment are presented in Fig. 5.3.
As follows from the figure, the sub-band gap illumination of ZnO samples with
energies below 1.96 eV does not result in the appearance of the XH(n+1) signal
at 3358 cm−1. The accuracy of this experiment does not allow us to determine
the exact position of the EXH level in the band gap of ZnO. A rough estimate
gives Ec − 1.7 ± 0.3 eV. Such an energy strongly suggests that the XH defect
has a deep level in the band gap and cannot be assigned to a shallow donor as
previously suggested [141].
5.4 Temperature dependence of XH(n+1) to XH(n)
transition
The conversion from XH(n) to XH(n+1) is completely reversible at elevated tem-
peratures. The conversion rate was investigated as a function of temperature.
The experiment was done as follows. First, a ZnO sample was cooled down
to about 7 K in the dark. Subsequently, it was illuminated with the HeNe
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Figure 5.3 – IR absorption spectra obtained at 7 K for a ZnO sam-
ple treated in the H2 gas at 725 ◦C after illumination by the quartz
lamp through low-pass filters with the cut-off energies of 2.25, 1.42, and
1.12 eV. A spectrum measured after illumination from the HeNe laser
(~ω = 1.96 eV) is given for comparison. Illumination time (top to bottom)
was 1, 1, 4, and 4 hours.
laser until the 3358 cm−1 line appeared in the spectrum with an appreciable
intensity. The sample was then annealed at the temperature of interest and
IR spectra were measured as a function of time.
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Figure 5.4 – Integrated absorption obtained for the 3326 and 3358 cm−1
lines at about 68 K. Solid lines are the best-fit curves.
Fig. 5.4 shows integrated intensities of the 3326 and 3358 cm−1 IR absorption
lines obtained at about 68 K. Note that for presentation purposes the intensity
of the 3358 cm−1 signal was multiplied by the proportionality factor of κH = 7,
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which was determined in the previous subsection. Additionally, a weighted sum
of the two signals, IΣ = I3326 + κHI3358, is given. As mentioned previously, IΣ
remains constant and is independent of the measurement time.
The solid lines in the figure are the best-fit curves obtained with the assumption
that the back conversion from XH(n+1) to XH(n) can be described by a simple
exponential decay. Here we assumed that I3326 ∝ a − exp(−t/τ) and I3358 ∝
exp(−t/τ), where a is a constant that depends on the initial conditions at
t = 0. From the data presented in the figure we find that τ = 173 min at 68 K.
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Figure 5.5 – Conversion time τ from XH(n+1) to XH(n) as a function of
temperature obtained for the XH ( and •)and XD (◦) complexes.
The value of τ was determined at different temperatures for both the XD and
XH complexes. The results are presented in Fig. 5.5. It follows from the
figure, that within the error bars of our experiment, the back conversion from
XH(n+1) to XH(n) is thermally activated with a conversion rate that can be
approximated by τ−1 = τ−10 exp(∆E/kT ). From the best-fit values shown in
Fig. 5.5 by the solid lines we find that the activation energy ∆E = 220±30 meV
is basically independent of the hydrogen isotope. Contrary to that, the value
of τ0 was found to be approximately 3.4× 10−15 and 3.2× 10−14 s for XH and
XD, respectively. That is, the back conversion from XH(n+1) to XH(n) is slower
if hydrogen is replaced by deuterium. We think, however, that the difference
in τ0 between the hydrogen isotopes is not caused by the nature of the XH
complex.
5.5 Temperature dependence of the LVM frequencies
Fig. 5.6 shows the temperature dependence of the LVM frequencies due to the
XH(n) and XH(n+1) complexes. The behavior of the LVM frequency changes
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as the charge state of the XH defect changes: the mode of XH(n) (3326 cm−1
line) experiences a “blue” shift with temperature, whereas the frequency of the
XH(n+1) (3358 cm−1 line) complex decreases as the temperature increases.
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Figure 5.6 – Temperature dependence of the LVM frequencies due to the
XH(n) and the XH(n+1) complexes. The frequencies are given with respect
to the values obtained at 7 K. Solid lines are the best-fit curves (see text).
To fit the data that are presented in Fig. 5.6 we employ a model proposed by
Persson and Ryberg which takes into account a coupling of the O–H harmonic
vibration anharmonically with an exchange mode E0 through a parameter
δω [201]. In the framework of this model, the following expression is obtained
for the frequency shift ∆ω of the LVM
∆ω =
δω
exp(E0/kT )− 1 (5.1)
The best-fit parameters for Eq. (5.1) were found to be E0 =16.3 meV, δω =
−10.6 cm−1 and E0 =12.8 meV and δω = 6.8 cm−1 for XH(n+1) and XH(n),
respectively. The corresponding fitting curves are presented in Fig. 5.6 by the
solid lines and are in a reasonable agreement with the experimental data.
5.6 Uniaxial stress measurements on the XH defect
Further insight into the microscopic properties of the XH complex can be
obtained from uniaxial stress experiments (see 2.1.2.A). Uniaxial stress studies
of the 3326 cm−1 vibrational mode due to XH(n) were reported in Ref. [143].
It was found that the line does not split for stress applied along the c axis and
splits into two components for F ‖ [101¯0] and [12¯10], which favors a monoclinic
symmetry of the XH(n) complex [54].
Fig. 5.7 shows the behavior of the 3358 cm−1 line of the XH(n+1) complex
under uniaxial stress applied parallel to [101¯0] and [12¯10]. As one can see,
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Figure 5.7 – IR absorption spectra and shift patterns obtained at 7 K
for the 3358 cm−1 line under uniaxial stress applied parallel to [101¯0] and
[12¯10].
the 3358 cm−1 line shifts with the stress at rate of −3.0 ± 0.5 and −3.2 ±
0.6 cm−1/GPa for F ‖ [101¯0] and [12¯10], respectively. We note that for the
purposes of the uniaxial stress measurements an appreciable intensity of the
3358 cm−1 line was detected only in the c-cut wafers provided by Cermet
(see Section 3). For such a geometry, however, measurements with the stress
applied parallel to the c axis were not possible, which explains the missing data
for F ‖ c.
As pointed out already, the 3326 cm−1 line splits into one, two, and two com-
ponents for the stress directions parallel to c, [101¯0], and [12¯10], respectively,
which implies that the symmetry of the XH(n) complex is monoclinic. Interest-
ingly, the 3358 cm−1 line of the XH(n+1) complex does not split, which seems
to suggests that the symmetry of the defect is trigonal. This would imply that
the O–H bond of the XH(n+1) complex is aligned parallel to the c axis and
hence should not be visible in the IR spectra obtained at normal incidence
of the light beam of our c-cut wafers. This obvious contradiction with the
experimental data leads us to the conclusion that the point group of the XH
defect remains monoclinic in the n+1 charge state with the O–H bond of the
XH defect oriented perpendicular to the c axis. The missing splitting of the
3358 cm−1 line we explain by the modified values of Aij so that Axx ≈ Ayy.
We believe that it is a substantial full width at half maximum of the IR lines
that masks the splitting of the LVM under uniaxial stress.
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5.7 Fine structure of the 3326 cm−1 line
IR absorption spectra of the 3326 cm−1 line recorded at 7, 22, and 49 K with
a resolution of 0.05 cm−1 are shown in Fig. 5.8. As the temperature increases
two satellites shifted by −1.1 and 1.2 cm−1 from the main line, appear in the
spectra. The relative positions of these peaks with respect to the 3326 cm−1
line are independent of the temperature. The IR absorption lines experience
temperature broadening, and at T > 70 K the side peaks can no longer be
resolved. However, due to the weakness of the satellite vibrational modes we
were not able to further investigate these features.
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Figure 5.8 – IR absorption spectra of the 3326 cm−1 line recorded with
a resolution of 0.05 cm−1 at 7, 22, and 49 K.
In addition to the temperature-induced satellites, the main signal at 3326 cm−1
also reveals a fine structure, which seems to be independent of the tempera-
ture. It manifests itself in at least one poorly resolved shoulder ‘red’-shifted by
approximately 0.25 cm−1 from the maximum of the 3326 cm−1 line. A possible
origin for this fine structure could be an isotope shift due to an unidentified
impurity X comprising the XH complex (see for example [21]).
Asymmetry of the XH(n) signal is another feature revealed in the IR spectra
taken with high resolution. Within the error bars of our experimental setup,
this asymmetry correlates with the concentration of shallow donors due to HBC
(see next subsection). This suggests a Fano resonance [48] between the local
vibrational mode and the continuum of the electronic states in the conduction
band as an explanation for the line shape of the 3326 cm−1 mode. The fine
structure of the 3326 cm−1 signal, however, did not allow us to investigate this
issue quantitatively.
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5.8 Thermal stability of XH
Temperature (◦C)
N
or
m
al
iz
ed
in
te
n
si
ty
3326
3611
3326
2471
2471
2668
3611
2668
ZnO:H
ZnO:D
ZnO:H:D
50 100 350 400 450 500
0
0.5
1
0
0.5
1
0
0.5
1
Figure 5.9 – Normalized integrated intensities of the LVMs due to HBC
(◦), XH(n) (•), DBC (O), and XD(n) (H) as a function of the annealing
temperature. The samples were hydrogenated in the H2 (top), D2 (mid),
and a mixture of H2+D2 (bottom) gases at 725 ◦C for 1 h. For the sake
of clarity, the data for XH(n) and XD(n) in the bottom panel are offset by
0.15.
Figure 5.9 shows integrated intensities of the LVMs due to XH(n) (3326 cm−1)
and XD(n) (2471 cm−1) as a function of annealing temperature. As mentioned
already, our ZnO samples were c-cut wafers. This implies that local modes
of O–H species aligned parallel to the c axis cannot be detected at normal
incidence of the light beam. In order to bypass this problem the annealing
series shown in the figure were obtained for a sample orientation turned at
45◦ angle with respect to the optical axis of the spectrometer [139]. Such a
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geometry allowed us to monitor the thermal stability of the local modes due to
HBC (3611 cm−1) and DBC (2668 cm−1) also presented in the sample. What is
important, no other hydrogen-related vibrational modes were detected in the
course of these annealing experiments.
As discussed in Sec. 4, the stability of HBC is determined by a thermally ac-
tivated diffusion process with subsequent trapping by other impurities and/or
the formation of interstitial H2. Provided hydrogen is the dominant impurity
in ZnO, the hydrogen molecule becomes a main sink for HBC. As a shallow
donor, bond-centered hydrogen is ionized and positively charged at room tem-
perature. The Coulomb repulsion between two H+BC slows down the formation
of H2 and results in an apparent stability of HBC up to 170 ◦C.
It follows from the top panel of Fig. 5.9 that in Cermet ZnO both the HBC
and XH complexes anneal out simultaneously at about 105 ◦C (see also [139]),
which indicates that for such a material the reaction
H+BC +H
+
BC 
 H2 (5.2)
is not the only process that governs thermal stability of HBC.
Upon substitution of hydrogen with deuterium (mid panel) the annealing tem-
perature increases by approximately 10 ◦C. Similar behavior is found for HBC
in Sec. 4 and was documented for several hydrogen-related complexes in ZnO.
Normally, the difference is explained by distinct zero-point energies of the O–H
and O–D species [18, 177].
The different annealing temperatures of XH and XD are, however, a new re-
sult. To get insight into the nature of XH, an annealing series for a ZnO
sample treated in a mixture of H2 and D2 was also performed. The results
are presented in the bottom panel of the figure. Under these conditions XD
remains more stable than XH, although the annealing temperature is reduced
by approximately 10 ◦C compared to the sample treated in D2 gas.
We speculate that the experimental data presented in Fig. 5.9 are consistent
with the reaction
H+BC +XH
(n)

 X+H2. (5.3)
The following findings can be understood in the framework of this model.
(i) H2 is invisible in IR absorption. Having the hydrogen molecule as the
product of the reaction given by Eq. (5.3) explains why no other IR absorption
signals are detected when HBC and XH are gone.
(ii) Interaction between HBC and XH accounts for the similar annealing be-
havior of the two defects (see also Ref. [139]).
(iii) The relative stability of XD compared to XH follows from the higher diffu-
sivity of HBC with respect to DBC resulting from different zero point energies
of hydrogen isotopes.
(iv) Formation of the HD molecule explains why XD anneals out earlier in the
sample treated in the H2 and D2 mixture compared to that of pure D2 gas.
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(v) As mentioned already the Coulomb repulsion between two H+BC accounts
for the apparent stability of the bond-centered hydrogen up to 170 ◦C. On
the other hand, the charge state of XH(n) is expected to be either neutral or
negative. The missing Coulomb barrier between H+BC and XH
(n) speeds up the
formation of H2 and results in the reduction of the annealing temperature of
the bond-centered hydrogen down to 105 ◦C.
(vi) As described already, HBC is the ground state of hydrogen in ZnO for nearly
all Fermi-level energies except those close to the conduction band minimum [1].
Furthermore we found in Sec. 4 that bond-centered hydrogen is a shallow donor
with an ionization energy of 53 meV. The concentration of HBC immediately
after thermal treatment in H2 gas as determined by the integrated intensity of
the 3611 cm−1 line can be estimated to 2 × 1017 cm−2. This amount ensures
that the Fermi-level is positioned at the bottom of the conduction band and
hence HBC is not stable against the formation of H2. Further annealing at
around 450 ◦C, however, shifts the Fermi-level deeper into the band gap thus
making the formation of HBC energetically favorable again. This manifests
itself in the reappearance of HBC and XH (see Fig. 5.9 and Ref. [139]). Finally,
at temperatures above 500 ◦C hydrogen diffuses out so that no other hydrogen-
related defects are left in the sample.
5.9 Discussion
First we comment on previous studies of light-induced effects of the XH com-
plex. Vapor phase grown, Cermet, and Eagle Picher ZnO samples were inves-
tigated by Shi et al. [139] The authors found that illumination of Cermet and
Eagle Picher ZnO with a broad band tungsten lamp results in the reduction
of the intensity of the 3326 cm−1 line. Nickel employed a 450 nm LED as a
secondary light source and also found that the intensity of the 3326 cm−1 line
was reduced with the illumination time [196]. No signal which would appear in
the IR spectra at the expense of the 3326 cm−1 line was detected. Presumably
Shi et al. and Nickel did not detect the 3358 cm−1 line because of its weak
intensity.
Nickel also studied a “recovery rate” of the 3326 cm−1 line subjected to sub-
band gap illumination [196]. Figure 5.10 shows the change of the integrated
O–H vibrational line as a function of the annealing temperature TA. It was
found that the intensity of this signal does not recover for temperatures below
30 K. With increasing temperature the recovery rate raises and reaches a local
maximum at about 45 K. After that it decreases and comes to a minimum
at about 70 K. Further on, the recovery rate monotonously enhances with
temperature.
These results contradict our experimental findings, which clearly indicate a
typical Arrhenius behavior with an activation energy of around 220 meV (see
Fig. 5.5). We speculate that the complex dependence of the recovery rate
reported by Nickel results from a short annealing time of 5 min.
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Figure 5.10 – Change of the 3326 cm−1 O–H vibrational mode intensity
as a function of the annealing temperature TA as taken from [196].
As mentioned, three models have been proposed for the XH complex in the
literature so far: isolated hydrogen at the anti-bonding lattice site (HAB) [141],
a complex of calcium-hydrogen, CaH, [144] and the Zn vacancy passivated with
a single hydrogen atom, (VZnH) [24]. The microscopic structures of the defects
are shown in figure 5.11. Below we discuss these models.
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Figure 5.11 – Microscopic structure of HAB, CaH, and VZnH. The dashed
lines illustrate the undisturbed ZnO structures.
HAB. The 3326 cm−1 line was first observed by McCluskey et al. in Cermet
ZnO and was tentatively assigned to the HAB complex where the O–H bond
forms an angle of 110◦ with the c axis [141]. Calculated vibrational frequencies
of HAB are in agreement with the experimental value [1, 55, 132,133]. Further
indication that hydrogen at the anti-bonding site of the ZnO lattice might be
responsible for the XH complex came from experiments on hydrostatic com-
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pression. It was established that the 3326 cm−1 line shifts with the rate of
−1.5 ± 0.3 cm−1/GPa [138, 143], which is in qualitative agreement with the
theoretical prediction of −4 cm−1/GPa [55,182].
The HAB model of the 3326 cm−1 line, however, meets serious difficulties.
First of all, theory finds that the formation energy of HAB is 0.15 to 0.3 eV
higher than that of HBC, which implies that hydrogen at the anti-bonding site
cannot occur in high concentrations at low temperatures [55, 132, 133, 136].
No explanation was also given for why the intensity of the 3326 cm−1 line
depends on the ZnO sample. The activation energy of hydrogen motion in
the XH complex was determined to be above 0.7 eV [24], which contradicts
the microscopic model of HAB and the results of first-principles calculations
predicting a reorientation barrier of around 0.2 eV [135, 140]. Finally, theory
finds that HAB is a shallow donor in ZnO [1]. Our study, however, reveals that
the XH complex has a deep level in the band gap.
Based on this, we conclude that it is very unlikely that HAB is the defect giving
rise to the 3326 cm−1 line.
CaH. The intensity of the 3326 cm−1 IR line depends on the starting ma-
terial: the absorption signal was shown to be stronger in melt-grown ZnO
provided by Cermet Inc. [138, 141, 142] than in samples grown via chemi-
cal vapor transport obtained from Eagle-Picher [139] or vapor phase grown
ZnO [23,139]. Secondary-ion mass spectrometry and delayed gamma neutron
activation analysis of Cermet ZnO revealed that this material contains approx-
imately 4× 1016 cm−3 Ca atoms. On the other hand, the Ca content in Eagle
Picher ZnO was found to be below the detection limit of these techniques. Since
the intensity of the 3326 cm−1 line is the strongest in the Cermet material, it
was suggested that Ca is the missing constituent of the XH complex [144].
First-principles theory finds that that complex of substitutional Ca at the Zn
site with hydrogen bound to the O atom at the anti-bonding site with the
O–H bond aligned “perpendicular”to the c axis could partially account for the
experimental data [133,136]. In particular, the LVM frequency was found to be
consistent with the experimental value of 3326 cm−1. On the other hand, for
complexes of hydrogen with Ca, Sr, and Na, where hydrogen is positioned at
the AB site, the calculated LVM frequencies are similar within 30 cm−1, thus
making impurity identification based solely on the LVM frequency is impossible
[136].
More importantly, theory finds that the binding energy of hydrogen in the CaH
complex is around 0.5 eV [133, 136]. Such a value is consistent with the low
thermal stability of the 3326 cm−1 line. We note that the annealing mechanism
of the HBC and XH complexes given by Eq. (5.3) does not contradict the
theoretical dissociation energy of CaH.
The CaH model has, however, a serious drawback. Electrical activity of CaH
has not been considered theoretically so far. In the first approximation, how-
ever, we might assume that it is similar to that of isolated HAB. If so, CaH is
expected to act as a shallow donor, which is not consistent with the influence
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of sub-band gap light on the intensity of the 3326 cm−1 line. The similarity
between CaH and isolated HAB, however, comes from the isovalent character
of Ca in ZnO and has to be verified by first-principles calculations.
Therefore, we do not rule out the CaH model of the XH complex but further
theoretical studies are called for.
VZnH. The Zn vacancy is a double acceptor in ZnO and as such always oc-
curs in the negative charge state in n-type material. The high mobility of
isolated hydrogen and the Coulomb attraction between H+BC and V
2−
Zn could
easily result in the formation of VZnHn. Indeed, it was shown that VZnH2
gives rise to absorption lines at 3312 and 3350 cm−1 [23,195]. On the contrary,
no unambiguous identification of the VZnH complex has been reported so far.
Experiments on stress-induced dichroism for hydrogen LVMs in ZnO revealed
that activation energies of hydrogen motion in VZnH2 and that of the XH
complex exceed 0.7 eV [24]. This finding suggested the negative charge state
of VZnH as a model for the 3326 cm−1 line.
Vibrational frequencies and formation energies of several VZnHn complexes
were investigated theoretically by a number of groups [132, 133, 136]. There
is a general consensus that hydrogen occupies an “internal” volume of the Zn
vacancy. Two hydrogen atoms result in complete passivation of VZn and the
formation of VZnH2. Wardle et al. find that the two O–H bonds comprising
the defect are aligned parallel and perpendicular to the c axis [132]. The
corresponding local modes at 3228 and 3267 cm−1 are in reasonably good
agreement with the experimental data.
The microscopic structure of VZnH depends on the charge state of the defect.
Bang et al. found that the O–H bond comprising VZnH0 is aligned parallel
to the c axis, whereas in VZnH−, it prefers to be oriented “perpendicular” to
c [136]. The difference in energy between different orientations of the O–H
bond in each charge state is rather marginal (within 20 meV) [132,135]. Even
though, theory seems to favor VZnH− as a model for the 3326 cm−1 line.
The comparison between theoretical and experimental LVM frequencies of
VZnH is difficult since most authors discuss only the neutral charge state of
the defect in its energetically most favorable configuration. For this reason,
we consider only VZnH in the neutral charge state with the O–H bond aligned
perpendicular to the c axis. To facilitate comparison with experiment, known
LVM frequencies of VZnH2 should be employed as a benchmark. The results
of such a comparison are presented in Table 5.1. Note that the LVM frequency
of O–H ‖ c in VZnH2 was used to obtain a scaling factor 1.026 = 3312/3228.
It follows from the table that after correction for systematic error, the LVM
frequency of VZnH0 equals 3357 cm−1, which is in remarkable agreement with
the 3358 cm−1 mode of XH(n+1). Thus, local mode analysis also favors the
VZnH model for the XH defect.
First-principles calculations by Wardle et al. reveal that VZnH is a deep accep-
tor giving rise to a (−/0) level in the band gap positioned at Ev+0.46 eV [132].
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Table 5.1 – Comparison between experimental and theoretical frequen-
cies of VZnHn in ZnO (cm−1). The factor of k = 3312/3228 was used to
obtain the scaled values (to account for the difference between calculated
and experimental values for O–H ‖ c in VZnH2).
Structure Exp. [23] Theory [132]
as calculated scaled (×k)
VZnH2
O–H ‖ c
O–H ⊥ c
3312
3350
3228
3267
3312
3352
VZnH0 O–H ⊥ c 3272 3357
VZnH0 O–H ‖ c 3255 3340
This is only in qualitative agreement with our estimate of the energy level of
the XH defect at Ec−1.7±0.3 eV. Note, however, that sub-band gap illumina-
tion provides only a rough estimate for the energy level in the band gap. The
error bars cited reflect only the difference in energy of the light quanta that
produce the 3358 cm−1 line.
EPR studies of electron-irradiated Eagle Picher ZnO were performed by Evans
et al. [202]. These authors reported an EPR signal, which was identified
as VZnH in the neutral charge state. The transition VZnH− → VZnH0 was
achieved via sub-band gap illumination with a threshold energy at about 2.5 eV.
Based on this, the authors suggested that the (−/0) level of VZnH is positioned
at roughly Ev +0.9 eV, which is somewhere in between the theoretical predic-
tion and the value determined in this study.
The temperature dependences of the LVM frequencies presented in Fig. 5.6
can be also understood in the framework of the VZnH model. Normally, the
LVM frequency of a defect increases with decreasing temperature resulting
from strengthened bonds arising from the lattice contraction. In contrast, the
LVM frequency of the XH(n) defect shifts upwards with temperature. The same
behavior was documented for the LVMs of VZnH2 and was tentatively explained
by the buckling of the hydrogen atom from the regular bond direction [23,203].
The off-axis orientation of the O–H bonds in the VZnH2 complex comes from
repulsive forces pushing away the two hydrogen atoms sharing the ‘internal’
volume of the Zn vacancy. In the case of VZnH−, an electron occupying an O
orbital would also result in the reduction of the volume inside the Zn vacancy
and the displacement of the O–H bond.
An off-axis orientation of the O–H bond also implies that apart from the global
minimum, additional minima may exist, which could result in somewhat dif-
ferent LVM frequencies than those of the ground state. When the temperature
rises, the higher states become occupied giving rise to side peaks at the main
line. This situation was observed for the LVMs of VZnH2 [23]. The results pre-
sented in Fig. 5.8 are also consistent with an off-axis orientation of the O–H
bond in the XH(n) complex.
On the other hand, VZnH0 should provide more room for hydrogen in the
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internal volume of the Zn vacancy. This results in the regular orientation of
the O–H bond and a typical temperature behavior of the 3358 cm−1 mode of
the XH(n+1) complex (see Fig. 5.6).
The VZnH model of the XH defect suggests an alternative to the annealing
scheme given by Eq. (5.3). The disappearance of the 3326 cm−1 line from the
spectra as the HBC signal fades away is then a function of the Fermi-level, which
is tied to the concentration of the bond-centered hydrogen. As the Fermi-level
moves deeper into the band gap, a part of VZnH− converts into VZnH0, which
according to theory [132, 136] should result in a flip of the O–H bond to the
orientation parallel to the c axis. Note that the corresponding LVM frequency
is expected to be at 3340 cm−1 (see Table 5.1).
Since all ZnO samples where the 3326 cm−1 line occurs with a reasonable
intensity are c-cut wafers, this implies that VZnH0 cannot be detected in IR
absorption at normal incidence of the light beam. Moreover, the difference
in effective charges between the 3326 and 3358 cm−1 lines (see Section 5.2)
strongly indicates that the expected intensity of the local mode due to VZnH0
could be weak.
Wardle [132] considered the thermodynamics of the VZnH and VZnH2 complex
formation. It was found that passivation of VZn by hydrogen is energetically
favorable in the limit of oxygen-rich conditions and a Fermi-level close to the
conduction band minimum. The reactions V2−Zn + H
+
i → VZnH− liberates
3.2 eV, whereas VZnH− + H+i → VZnH2 delivers 2.2 eV, that is, an additional
hydrogen ion is more weakly bound to VZn than the first.
Based on this, the VZnH model of the XH defect also suggests that at some
stage of the annealing series, the formation of VZnH2 might be expected to
take place. IR absorption studies performed by Shi et al. [152] revealed that
after an anneal at 400 ◦C, the local mode of VZnH2 at 3350 cm−1 (O–H ⊥ c)
did appear in the IR spectrum (see Fig. 2 in Ref. [152]).
Our annealing experiments, whose results are presented in Fig. 5.9, were per-
formed for the sample orientation turned at 45◦ with respect to the optical
axis of the spectrometer. However, neither VZnH2 nor any other lines were
detected in the course of the annealing series. Our annealings were carried
out in argon atmosphere, which suggests oxygen-lean rather than oxygen-rich
conditions. In fact, the formation of VZnH2 should be sensitive to the sample
and experimental conditions. Although the failure to detect an LVM due to
VZnH0 might also result from the weak intensity of this signal, this casts some
doubts on the VZnH model of the 3326 cm−1 line.
Summarizing this section, we conclude that only the HAB model of the XH
complex can be ruled out with certainty. Contrary to isolated hydrogen at the
anti-bonding site, VZnH can explain the majority of the experimental data.
However, we refrain from excluding the CaH model. An involvement of another
different constituent in the formation of XH cannot be ruled out either.
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5.10 Conclusions
The results of an IR absorption study of a hydrogen defect in ZnO that results
in a local vibrational mode at 3326 cm−1 are presented. We show that sub-
band gap illumination results in the appearance of a new IR absorption line
at 3358 cm−1 at the expense of the main signal at 3326 cm−1. Based on the
anticorrelation between the two lines as well as the results of isotope substitu-
tion experiments, it is concluded that both signals are due to stretch modes of
an O–H bond associated with the same defect in different charge states. The
energy quanta of the sub-band gap light strongly suggest that this defect has
a deep level in the band gap of ZnO at roughly Ec − 1.7 eV. This rules out
isolated hydrogen at the anti-bonding site which was an early model for the
3326 cm−1 line. Additionally, the results on thermal stability, uniaxial stress
response, and the temperature dependence of the transition rates between the
two charge states of this defect are presented. It is shown that the VZnH model
for the 3326 cm−1 line can satisfactorily explain almost all experimental data.
Further experimental studies are needed for an unambiguous identification of
the defect.
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Chapter 6
Hydrogen shallow donor in
rutile TiO2
6.1 Introduction
The electrical properties of hydrogen in TiO2 are widely discussed in the lit-
erature. As described in Sec. 2.3, the donor behavior found by Chester and
Bradhurst in the 1960’s [33] has been confirmed by several experimental investi-
gations. Despite much effort, the ionization energy of H donors in TiO2 remains
unknown. Theoretical studies contradictorily predict shallow [37,38,90,155] as
well as a deep donor levels in the band gap [97].
Of particular interest for the present investigation is the defect giving rise to
a O–H LVM at about 3290 cm−1 (10 K) [157]. As already mentioned in Sec.
2.3, the defect responsible for this mode was assigned to interstitial hydrogen
located in the empty c channels of the TiO2 lattice [30,163,164]. Its O–H bond
is oriented perpendicular to the c axis of the crystal as verified by polarization
sensitive IR absorption measurements [157]. Throughout this work the defect
is labeled Hc or Dc in the case of hydrogen or deuterium, respectively.
Vibrational mode spectroscopy is a powerful tool that provides a wealth of
information about light impurities in semiconductors. The identification of
the defects is obtained from isotope substitution. Experiments with polarized
light and/or uniaxial stress give information about the symmetry, and thermal
treatments supply dissociation energies. The drawback of vibrational spec-
troscopy is that the electrical activity of the species can be rarely probed. The
problem of chemical identity is especially acute for shallow defects since weak
localization of charge carriers implies only a marginal dependency of the local
vibrational mode frequencies on the charge state of the defect. A combination
of different experimental methods is required to assign a LVM of the defect to
a certain level in the band gap of a semiconductor [204].
Here, we present an IR absorption study of rutile TiO2 which allow to verify
the electrical nature of the Hc defect. The measurements identify the defect
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as a shallow donor. It is established that the 3290 cm−1 line consists of sev-
eral LVMs. One of them (3287.4 cm−1) is assigned to an unknown hydrogen
complex, whereas the other LVMs are identified as due to the neutral and the
positive charge states of Hc.
6.2 Results
Wave number (cm−1)
A
b
so
rb
an
ce
6 K0.9 cm−1
Abs. = 0.5
TiO2:H
virgin ×20
- ﬀ
3260 3280 3300 3320
Figure 6.1 – IR absorption spectra of a TiO2 sample before and after
thermal treatment in the H2 gas at 525 ◦C for 12 h.
Figure 6.1 shows IR absorption spectra of an as-received and a hydrogenated
TiO2 sample recorded at 6 K. Local vibrational modes are detected at around
3290 cm−1. No other hydrogen-related vibrational bands outside the region
presented in the figure were observed. Before hydrogenation, a weak signal
at 3287.4 cm−1 is seen. After annealing the sample in H2 gas at 525 ◦C for
12 h a line positioned at 3288.3 cm−1 dominates the spectrum. The frequency
difference of 0.9 cm−1 indicates that the two modes have different origin. To
examine this suggestion, the thermal stability of the corresponding defects was
investigated by isochronal annealing series in steps of 50 ◦C. In agreement with
previous studies on the Hc defect [157], we found that the 3288.3 cm−1 mode
anneals out at about 550 ◦C. Furthermore, the LVM has maximum intensity
for light polarized perpendicular to the c axis which implies that the defect
O–H bond is oriented perpendicular to c. The O–H bond of the weak 3287.4
cm−1 line in the virgin sample is also oriented perpendicular to c, however,
the line remains stable up to more than 900 ◦C. This finding confirms our
suggestion about the different origin of the two LVMs and strongly indicates
that the dominating LVM in the TiO2:H samples is due to Hc.
Figure 6.2 shows IR absorption spectra recorded at 6, 17, 36, and 50 K for the
Hc complex. As one can see, the spectra reveal a substructure of the vibrational
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Figure 6.2 – IR absorption spectra of TiO2:H recorded at different tem-
peratures. The inset shows the vibration level diagram (in cm−1) for the
neutral charge state of Hc.
band with the intensities of the peaks being dependent on temperature. TiO2
samples treated in D2 reveal LVM’s due to Dc at about 2445 cm−1 with full
width at half maximum of about a factor of 2 smaller than those of Hc. Because
of this, the following discussion will mainly concentrate on the results obtained
for the deuterium counterpart of this defect, however, without loss of generality.
Figure 6.3 shows the temperature evolution for the LVM’s of the Dc complex
at 2445 cm−1. Three lines at 2445.0, 2445.7 and 2447.8 cm−1 are clearly
seen. Below, strong evidence will be given that Dc is a shallow donor with the
2445.0 cm−1 line originating from the positive charge state of this defect, D+c ,
whereas the 2445.7 and 2447.8 cm−1 lines are due to the ground and an excited
vibrational mode of the neutral state, D0c . Here, these LVM’s will be labeled
D+, D0g and D
0
e , respectively. The corresponding LVM’s of Hc are positioned
at 3287.4 (H+), 3288.3 (H0g ), and 3292.0 cm
−1 (H0e ). Note the nomenclature
scheme used here: (i) H or D represent the hydrogen isotope, (ii) superscripts
+ or 0 mark the charge state of the defect, (iii) subscripts g and e denote
ground and excited vibrational modes, (iv) roman or italic letters distinguish
between defect or local vibrational mode notations, respectively.
First, we discuss the temperature behavior of D0g and D
0
e . As follows from
Fig. 6.3, the D0g mode dominates the spectrum at 6 K. As the temperature is
increased, the intensity of the excited mode D0e grows in at the expense of D
0
g .
An increase in the temperature above 50 K results in a significant broadening
of the lines. Figure 6.4 shows the ratio R of the D0e and D
0
g LVM intensities
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Figure 6.3 – IR absorption spectra of TiO2:D recorded at different tem-
peratures. The inset shows the vibration level diagram (in cm−1) for the
neutral charge state of Dc.
as a function of temperature. The figure also presents the counterpart of R
for samples treated in H2 and a mixture of H2 and D2 gas. R can be fit by an
exponential behavior
R = RH(D) exp(−∆EH(D)/kT ). (6.1)
The parameter ∆EH (∆ED) represents the splitting energy of the ground vi-
brational state of the neutral defect H0c (D
0
c). The insets in figures 6.2 and
6.3 show the vibrational level diagrams of the O–H and O–D bonds compro-
mising the Hc and Dc defects in the neutral charge state, as deduced from the
temperature dependent measurements. The best-fit curves of the experimental
data are indicated by solid lines in Fig. 6.4. As one can see from the figure,
the hydrogen isotope effect in the splitting energy ∆EH/D is rather small. In
the case of deuterium, we find ∆ED ≈ (1.15 ± 0.08)meV ≈ (10 ± 1) cm−1.
For the hydrogen species, the ground vibrational state of H0c is split by
∆EH ≈ (1.00 ± 0.12)meV ≈ (8 ± 1) cm−1. However, an isotope effect can
be clearly seen in the prefactor RH(D).
Parameters determined from the measurements are summarized in Table 6.1
on page 87.
We can only speculate about the origin of the LVM splitting of the H0 (D0)
modes. An electronic splitting of the ground donor state may account for
the observed phenomenon. Another possibility which has to be considered is
a splitting due to polaron effects. Polarons are quasiparticles formed by an
6.2. Results 87
T
−1 (K−1)
T (K)
20 10 5
Hc in TiO2:H
Hc in TiO2:H:D
Dc in TiO2:H:D
Dc in TiO2:DI0 e
/
I0 g
1
10
0.05 0.1 0.15 0.2 0.25
Figure 6.4 – Ratio I0e/I
0
g of the integrated absorption of the ground (I
0
g )
and excited (I0e ) local vibrational mode due to the neutral Hc (Dc) defect
as a function of the temperature. Nand — Dc in TiO2:D, • — Dc in
TiO2:H:D, ◦ — Hc in TiO2:H:D, M — Hc in TiO2:H, solid lines — best-fit
curves of the experimental data (see text)
Table 6.1 – Parameters as determined from the measurements.
TiO2:H TiO2:H:D TiO2:D
Hc Hc Dc Dc
Ed (meV) 9.7 ± 2.9 9.2 ± 2.4 10.4 ± 1.3 10.3 ± 0.7
Na (cm−3) 8.9 × 1015 8.5 × 1015 8.9 × 1015 8.0 × 1015
m∗e (me) 14.5 14.8 16.9 16.6
∆EH , ∆ED (meV) 1.00 ± 0.10 1.01 ± 0.16 0.96 ± 0.09 1.15 ± 0.08
RH , RD 1.21 ± 0.21 0.59 ± 0.16 0.71 ± 0.12 0.31 ± 0.04
self-trapped electron and the atomic displacement of surrounding ions caused
by the trapped electron. Polarons are classified according to their localization
range. In the case of small or intermediate polarons, the electron is localized on
few ions. On the contrary, large polarons reveal lattice deformations expanded
over a large number of atomic sites. The self-trapping of carriers in TiO2
has been a subject of previous investigations [99, 205–210]. Due to the lattice
relaxation associated with the electron self-trapping, one expects a change in
the local vibrational modes of the O–H bonds near to the localized electron.
The influence of small and intermediate polaron formation on the localized
vibrations have been estimated in Ref. [211,212]. The theoretical calculations
predict a splitting of the vibrational modes, which is in qualitative agreement
with our experimental observations. To the best of the author’s knowledge,
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experimental evidence for the effect is, however, still lacking.
Another possible explanation for the splitting of the vibrational states of H0c
(D0c) comes from the microscopic structure of the defect. According to the-
ory, the proton (deuteron) is located inside the c channel of the rutile lattice
in a double well potential along the O–O direction perpendicular to the c
axis [30]. Due to the asymmetry of the potential, the proton (deuteron) is
localized in one minimum [213]. The finite energy barrier between the two
minima, however, leads to a tunneling splitting in the vibrational states of the
proton (deuteron). Note that a similar behavior was recently observed for hy-
drogen in KTaO3 [214]. The tunneling splitting is larger if the energy barrier
decreases, which qualitatively explains the “blue” shift of the excited H0e (D
0
e)
vibrational mode compared to the ground transition H0g (D
0
g) (see inset in Fig.
6.3). The significant broadening of the LVMs for T > 25 K may then be due
to the incoherent tunneling caused by the lattice vibration and the associated
modulation of the proton potential [213, 214]. However, the serious drawback
of this model is the rather marginal difference in the energy splittings ∆EH
and ∆ED. If a tunneling splitting accounts for the splitting of the H0 and D0
ground vibrational levels, one would expect the hydrogen isotope effect to be
more significant (see Ref. [213]). Further experimental as well as theoretical
studies are needed to clarify this issue.
Dependence of hydrogen-related LVM frequencies on the charge state has been
documented in many semiconductors, e.g., GaAs [215], Si [197], or in chapter
5 of the present thesis. In general these defects give rise to deep rather than
shallow levels in the band gap. Below, evidence is presented that the D+ mode
of Dc at 2445.0 cm−1 is due to the positive charge state of a shallow donor.
Figure 6.5(a) shows the integrated absorption measured on the D+ and D0
modes as a function of temperature. The two signals are constant for temper-
atures below 20 K. As the temperature increases, the intensity of D+ grows
in, whereas that of D0 weakens. The anticorrelation between the D+ and D0
modes confirms our suggestion that these are due to different charge states of
the same defect. The temperature dependence shown in the figure can be fitted
assuming that Dc is a dominant donor in the sample with some background
acceptors. The latter follows from the non-vanishing intensity of the D+ mode
at low temperatures. In this model the concentration of the ionized N+ donors
is obtained from (see, e.g, Ref. [216])
N+
Nd
=
Na − x
2Nd
+
√(
Na − x
2Nd
)2
+
x
Nd
. (6.2)
Here, Na is the concentration of compensating acceptors, Ed the ionization en-
ergy of the shallow donor, m∗e the effective mass of an electron in the conduction
band, x = 0.5Nc exp(−Ed/kBT ), and Nc = 2(m∗ekBT/2pi~2)3/2. A reasonably
good agreement with the experimental data is shown in Fig. 6.5(a) by the solid
lines is obtained for Ed = (10.3 ± 0.7) meV, Nd = (2.6 ± 0.4) × 1016 cm−3,
Na = (8.2± 2.5)× 1015 cm−3 and m∗e = (16.6 ± 1.2)me. Note that due to the
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Figure 6.5 – Absorption of D+ (), D0g+D
0
e (), and free carriers αc (•),
as a function of temperature obtained on a TiO2 sample treated in the D2
gas. The solid lines are the best-fit curves of the experimental data (see
text).
anisotropy of the conduction band of rutile m∗e = (m‖m
2
⊥)
1/3, where m‖ and
m⊥ are the effective mass parameters of the ellipsoidal energy minimum with
the main axes parallel and perpendicular to the c axis, respectively [217].
Figure 6.6 presents the ratios of the integrated absorption measured fot H+
(D+) and H0 (D0) for samples annealed in H2, D2, or a mixture of H2 and
D2 gas. The solid lines are the best-fit curves to the experimental data as
determined by Eq. 6.2 from the model given above. Within the experimental
accuracy, the results obtained for the same TiO2 material treated in the dif-
ferent hydrogen atmospheres yield the same values of Ed, m∗e, and Na. The
independence of these parameters of the hydrogen isotope supports the shallow
donor nature of Hc. The donor concentration Nd differs for different sample
treatments. The Nd values obtained from this fit allow us to calibrate the
integrated intensity of the LVM at 3290 cm−1 in order to determine the total
concentration N of these defects,
N = 6.6× 1014 cm−1
∫
α3290(σ)dσ. (6.3)
Here, σ is the wave number. The absorption coefficient is inversely proportional
to the reduced mass µ of the vibrating species [46]. It was found that in the case
of LVM’s of Dc the corresponding prefactor in Eq. (6.3) equals 1.2×1015 cm−1.
This is approximately a factor of two higher compared to hydrogen, which is
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Figure 6.6 – Ratios of the integrated absorptions measured for the LVM’s
due to the positive (I+) and neutral (I0) charge states of the Hc (Dc) defect
as a function of the temperature. • — Dc in TiO2:D, ◦ — Hc in TiO2:H,
— Dc in TiO2:H:D. The solid lines are best-fit curves of the experimental
data as determined by Eq. 6.2.
in good agreement with the ratio µO−D/µO−H = 1.9, where µO−H and µO−D
are the reduced masses of the 16O–H and 16O–D units, respectively.
The effective mass of electrons in the conduction band of rutile was determined
previously by Hall-effect and conductivity [35, 207, 218], IR reflectivity [219],
optical absorption [220], thermoelectric effect [218,221, 222], and specific heat
measurements [206]. The reported values, however, are spread in a wide range
between 2me and 190me. Such a discrepancy may originate from large varia-
tions of intrinsic defects in the different samples and/or different assumptions
in the interpretation of the experimental data. Note also that the effective
mass of the conduction band electrons is generally temperature dependent (see
also [207]). Most of the studies cited above were performed at room tempera-
ture. On the other hand, the values of m∗e deduced from the low temperature
measurements are 12.5me (6–40 K) [35] and 8me (1.6–300 K) [220], which is in
reasonable agreement with the results of our measurements performed in the
temperature range 6 to 110 K.
The ionization temperature of shallow defects Ta, which is defined as a tem-
perature at which the concentrations of neutral and ionized species are equal,
depends on the total amount of the defects. In the case presented in Fig.
6.5(a) it is seen that Ta ≈ 30 K. In order to further test the shallow donor
nature of Hc (Dc), experiments similar to the one presented in Fig. 6.5 were
carried out for different integrated intensities of the 3290 (2445) cm−1 modes.
It was established that the value of Ta decreases as the concentration of Hc
(Dc) drops. Moreover, because of the compensating acceptors, which were al-
ways present in our samples, only the H+ (D+) modes are seen in the spectra
for low concentrations of the species. These findings are also in favor of Hc
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(Dc) as a shallow donor in TiO2.
As a part of this study photoconductivity measurements were performed. For
virgin TiO2 material, the resistivity at low temperatures grow to over the limit
acceptable by our experimental setup. Hydrogen treatment greatly enhanced
the conductivity of the crystals. It was established, however, that for these
samples a photo-signal can be detected only at temperatures well below the
ionization temperature Ta described in the previous paragraph. This finding is
in agreement with the shallow donor nature of Hc. According to the principles
of photothermal ionization spectroscopy (see Sect. 2.1.2.D), a photoinduced
signal may occur in two different ways. On the one hand, electrons bound to
Hc can be directly released from the donor by absorbing a photon with proper
energy. On the other hand, the electrons from the donor ground state may
be lifted to an excited state and subsequent absorption of a phonon results
in ionization of the donor. A cool down to temperatures below the freeze-out
temperature Ta leads to a electron population of the donor states and renders
both processes possible.
Free electrons in the conduction band of TiO2 also absorb light. Treated
classically, the corresponding absorption coefficient αc is given by (see, e.g.
[223])
αc =
4pie2n
nrcm∗e
τ
1 + ω2τ2
, (6.4)
where n is the concentration of the electrons in the conduction band, nr is the
refractive index, and c is the speed of light. From the Drude model of electrical
conduction, the mean relaxation time may be expressed as τ = µm∗e/e, where
µ is the electron drift mobility.
At temperatures below 10 K, all carriers freeze-out so n is equal to zero. There-
fore, the absorption spectrum taken at 5 K can be used as a reference to obtain
the absorption coefficient due to free carriers αc = α(T )−α(5 K). Figure 6.5(b)
shows the value of αc determined at 2400 cm−1 in the temperature range 5 to
50 K for the same sample as in Fig. 6.5(a). As one can see, the free carrier
absorption correlates quite well with the intensity of the D+ signal.
At low temperatures, electrons are preferentially scattered at ionized centers
[207, 216, 224]. The solid line in Fig. 6.5(b) is a fit of αc obtained in the
assumption that this is the dominant scattering mechanism for temperatures
below 50 K. A detailed discussion of the electron mobility in TiO2 is beyond
the scope of this study. We refer to the Hall-effect and conductivity studies of
rutile TiO2 [205,218,222,224,225]. Note that µ was the only fitting parameter
here, since the values ofm∗e and n were obtained from the data presented in Fig.
6.5(a). A reasonable agreement between the fitting curve and the experimental
values of αc are consistent with the model of Dc (Hc) as a shallow donor in
rutile TiO2.
Finally we want to comment on the thermal stability of Hc. The diffusion
behavior of hydrogen in rutile TiO2 has been calculated by first principles
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[166, 168]. It was found that hydrogen migrates with an barrier of 0.59 and
1.28 eV parallel and perpendicular to the c axis, respectively. This implies that
isolated hydrogen is very mobile even at room temperature.
As described in Sec. 4.2.4, isolated hydrogen in ZnO can be trapped to form
interstitial H2 molecules. One may suggest that a similar process occurs in
TiO2. Cathcart et al. tentatively attributed a Raman mode at ∼2967 cm−1
in rutile TiO2 single crystals annealed in D2 gas to the stretch mode of D2
molecules [167]. However, unambiguous evidence for the existence of inters-
tial H2 or its isotope species is still missing. We performed Raman scattering
measurements in the course of the annealing process of Hc to probe hydrogen
molecules in TiO2. No signal was found, which would indicate the presence
of hydrogen molecules and/or appear in the spectra at the expense of the
3290 cm−1 local vibrational mode. This is consistent with the results of first
principles calculations which predict that the formation energy of H2 is sub-
stantial higher than for two isolated Hc defects [97, 226]. The H–H bond will
spontaneously split to form two single interstitial hydrogen defect centers.
Recently, Chen et al. reported the results of the I-V measurements of elec-
trochemically hydrogenated TiO2 [227]. These authors established that the
I-V characteristics of rutile hydrogenated at room temperature reveal a strong
aging behavior. This finding was interpreted in terms of H+ diffusion with
subsequent formation of electrically inactive H2. The mobile H+ species was
assigned to some unknown metastable state of hydrogen which does not form
an O–H bond.
In our opinion, H+c alone can account for the aging behavior of TiO2 reported
by Chen et al. The low activation energy of Hc diffusion [164,166,168] together
with the high formation energy of H2 implies that the apparent thermal sta-
bility of hydrogen donors in rutile detected by these authors depends on the
experimental conditions such as presence of traps, sample thickness, concen-
tration profile, and so on.
6.3 Conclusions
In summary, the hydrogen-related defect in rutile TiO2 that gives rise to the
vibrational modes at around 3290 cm−1 was shown to be a shallow donor with
an ionization energy of 10 meV. The 3290 cm−1 feature consists of two LVM’s
due to the neutral and the positive charge states of the donor with relative
intensities depending on the measurement conditions. In the neutral charge
state, the defect reveals two LVMs at 3288.3 and 3292 cm−1. These modes are
tentatively suggested to be due to the tunneling splitting of vibrational states
of hydrogen in the double well potential. An unknown hydrogen complex
was found to contribute to the 3288 cm−1 feature with the local mode at
3287.4 cm−1.
Chapter 7
Outlook
ZnO and TiO2 belong to the class of wide band gap semiconducting oxides.
These oxides offer a wide range of applications. A major part of the potential
devices requires the precise control of the optical and electrical properties of
the materials. These characteristics are, however, greatly affected by intrin-
sic and extrinsic defects. The detailed study of defects related to hydrogen,
a main unintentional impurity in ZnO and TiO2, is a prerequisite for further
developments of devices based on these semiconductors. In the present thesis,
hydrogen defects in ZnO and TiO2 were investigated by means of infrared ab-
sorption, Raman scattering, photoluminescence and photothermal ionization.
The present thesis considered four different defect centers in ZnO: HBC, HO,
H2 molecules, and the XH defect, which gives rise to the 3326 cm−1 LVM. The
measurements unambiguously identify HBC as a shallow donor with ionization
energy of 53 meV. The experimental data strongly suggest that HO corresponds
to the donor which results in the I4 photoluminescence line at 3362.8 meV.
Based on this, the ionization energy of HO is determined to be 53 meV. The
shallow donor nature of both defects is in agreement with previous theoretical
predictions [1, 10, 37, 89]. In particular, the findings for HBC coincide with
the proposed universal alignment of the H-induced (−/+) electronic transition
level [37, 89]. Our Raman measurements reveal the existence of hydrogen-
related centers which lead to an LVM at 4145 cm−1. Two possible models
have been discussed: interstitial H2 molecules or H2 molecules trapped within
the oxygen vacancy. While the microscopic nature of the defect has to be
established in further experiments, our data give spectroscopic evidence for
at least a part of the “hidden” hydrogen in ZnO. Furthermore, is was found
that the XH defect has a transition level deep in the band gap of ZnO, which
contradicts the presumptions of previous reports [141,142]. The results rule out
the HAB model for the XH defect; however, we could not draw unambiguous
conclusions on the microscopic structure of the defect. Our data seem to favor
the VZnH model, although we do not exclude a complex of Ca with H as a
possible candidate.
Although there is strong support for the described identification of HO, we
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do not have a conclusive verification. Direct insight into the microscopic
structure of HO could be obtained from local vibrational modes of this de-
fect. First-principles calculations by Janotti and Van de Walle predict Zn-H
LVM frequencies around 760(50) cm−1 [10]. Hu and Pan propose three distinct
LVMs [228]. Two features at 667 and 890 cm−1 correspond to stretch modes of
the Zn-H bonds aligned parallel and perpendicular to the c axis, respectively.
Another mode at 612 cm−1 features the vibration of the Zn-H bond parallel
to c, together with one Zn-O stretch mode perpendicular to the c axis [228].
Direct IR absorption studies in this spectral region are generally an extremely
challenging task since there is strong reflection and/or absorption due to the
Reststrahlen band and direct photoionization of shallow donors. These aspects
become even more critical when the deuterium analog of HO is considered: we
expect that the LVMs of DO shift downward in frequency by around
√
2 to
around 450–600 cm−1 where the Restrahlen band has strongest intensity. A
separate investigation of the local modes due to HO by other means is needed
to get insight into the chemistry of this defect.
While the nature of the most fundamental hydrogen defects have been revealed,
several other hydrogen-related features require further investigations. The
PTIS measurements presented in section 4.5 and in previous reports [16, 187]
reveal two transitions at about 180 and 240 cm−1 which were tentatively asso-
ciated with hydrogen shallow donors. According to Ref. [65] these frequencies
are equivalent to ionization energies of about 33 and 40 meV, respectively.
Temperature-dependent Hall-effect data suggest a shallow donor level with
a binding energy of 31 meV [229]. In addition, photoluminescence reveals
several recombination lines due to excitons bound at shallow donors with un-
known chemical nature (e.g. I5, I10, and I11). Measurements by our group
indicate that some of these spectroscopic features may relate to hydrogen de-
fects. Furthermore, the electronic transitions at 1430 and 1480 cm−1 are still
unidentified. Based on the frequency of these modes, these features can be
assigned to deep donors with an ionization energy of about 200 meV.
The unintentional n-type carrier concentration in as-grown ZnO should be con-
sidered in more detail. As mentioned in chapter 1, first-principles calculations
question the relevance of intrinsic defects. The zinc interstitials is a shallow
donor, but the high formation energy and low diffusion barrier in ZnO prevent
the defect to occur in significant concentration [9,150]. Oxygen vacancies have
low formation energy, but form a deep donor that cannot contribute to n-type
conductivity [8, 9]. Recent studies consider extrinsic defects, unintentionally
incorporated into the ZnO crystals during growth or sample processing, as
possible shallow donor dopants. Hydrogen is a common impurity in ZnO. As
depicted by theoretical studies, HO seems to be a likely candidate. HO has low
formation energy under oxygen-poor conditions, induces a shallow donor level
in the band gap, and is thermally stable at room temperature [10]. As men-
tioned, our measurements strengthen the correlation between the HO donor
and the I4 bound exciton recombination line. This finding allows us to draw
conclusions on the defect properties of HO from PL data. The I4 line (HO
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donor) is stable upon annealing up to temperatures near 500 ◦C [14,65] and is
frequently observed in as-grown ZnO samples, in agreement with the theoret-
ical predictions.
The HO donor explains at least a part of the typical n-type conductivity of
as-grown ZnO. However, the HO concentration strongly depends on the ma-
terial. On the one hand, HO is usually the dominant shallow donor in ZnO
crystals grown by the seeded chemical vapor transport process [13, 65]. On
the other hand, the I4 line is absent in as-grown vapor-phase ZnO crystals
grown at the University of Erlangen (see Sec. 4.4). In fact, the formation of
HO requires both the creation of oxygen vacancies and subsequent trapping of
H atoms. The formation energy of VO and HO is dependent on the oxygen
chemical potential. Oxygen-lean growth conditions imply a large amount of
VO (HO) defects, whereas in the oxygen-rich limit the VO (HO) concentration
is substantially lower.
Several extrinsic defects have been discussed as further unintentional shallow
donors in ZnO. Melt-grown and vapor-phase grown crystals usually contain
considerable amounts of Al impurities [144]. Other donor impurities are Ga,
In, or B, with the concentrations depending on crystal growth conditions and
sample treatment [144]. Recent studies found that Si could be a shallow donor
which induces some fraction of the unintentional n-type conductivity [144,230].
It is worth to consider complexes of hydrogen with transition metal (TM)
impurities. The interest in TM dopants in ZnO is stimulated by recent re-
ports on room-temperature ferromagnetism in Zn1−xMnxO or Zn1−xCoxO (see
e.g. [231–233]). The research activity in this field is driven by the hope that
ZnO can be employed as diluted magnetic semiconductor (DMS) in future
spintronic devices. However, the reports on transition metal induced ferro-
magnetism in ZnO are contradictory and conclusive experimental evidence for
this phenomenon is still lacking. In fact, the physical mechanism which effects
the ferromagnetic behavior is not well understood. In order to clarify these
issues the electronic structure of TM ions in ZnO have to be investigated more
detailed. In addition, transition metal dopants in ZnO are relevant to free car-
rier generation/compensation and transport processes if electronic transition
levels are induced in the band gap. Since both TM impurities and hydrogen
are ubiquitous in as-grown ZnO crystals, potential TM-hydrogen complexes
are of scientific interest.
Despite technological importance, the electrical and structural properties of
transition metals and their complexes with hydrogen are rather sparsely inves-
tigated. Most information have been obtained on copper and copper-hydrogen
complexes. As mentioned in Sec. 2.2, Cu occupies a Zn site and results in
a deep acceptor level (−/0) in the band gap at Ec− 0.17 eV [234]. Trap-
ping of hydrogen easily forms a family of CunHm complexes [17]. While the
microscopic structures and vibrational properties of the CuH and CuH2 are
well established [17, 18, 23], the electrical activity of both complexes remains
unknown. First-principles calculations predict that the CuH complex induces
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a deep donor level at Ev + 0.8 eV [132]. Interestingly, it was also proposed
that CuH2 acts as a shallow donor with an electronic structure similar to that
of HBC [132, 235]; however, so far no experimental evidence has emerged that
confirms both predictions. Further theoretical and experimental studies are
needed in order to reveal the electrical properties of the copper-hydrogen com-
plexes.
The aspect of TM-hydrogen complex formation is even less investigated in the
case of other transition metal atoms like Fe, Ni, Mn, and Co. Generally, these
impurities act as deep donors when introduced on a substitutional site in the
ZnO lattice. Bulk ZnO typically contain trace amounts of these atoms incorpo-
rated into the crystal from the slightly impure starting material during crystal
growth. For instance, iron in ZnO grown by the chemical vapor transport
method has been detected as an unintentional impurity with concentration of
at least ∼ 3 × 1016 cm−3 by means of electron paramagnetic resonance [202].
The Fe3+ ion also leads to a set of internal transitions which can be revealed by
photoluminescence at about 690 nm [236]. Potential hydrogen complexes with
Fe, Co, or Ni have been studied by means of first-principles calculations [132].
It was proposed that several TM-hydrogen complexes exist which are stable
at room temperature and may induce donor states. However, the authors of
this study emphasized the significant ambiguity in the interpretation of the
electrical character of the defects. In fact, the 3d bands of the impurity atoms
complicate a detailed analysis in the framework of local-density-approximation
calculations [132]. At present, strong experimental evidence for these defects
is still lacking.
The present thesis studied interstitial hydrogen in TiO2 by means of infrared
absorption. The measurements identify the defect as a shallow donor with ion-
ization energy of 10 meV. This finding is in agreement with the early predictions
of the universal alignment model [37,38,90,155], but contradicts recent theoret-
ical calculations which consider strong localization of released donor electrons
at the d-shells of the Ti host ions [97–99]. The discrepancy to our experimental
data may be explained by the distinct difference between optical and thermo-
dynamic transition levels caused by the strong lattice relaxation [237]. Further
theoretical investigations and experimental data are called for to clarify this
issue.
It is worth to inspect hydrogen in other semiconductor oxides. SnO2, with a
band gap of 3.6 eV, is a promising material for applications in the fields of
transparent electronics and optoelectronic devices. However, achieving both
high n-type doping and reproducible p-type conductivity is still a serious chal-
lenges. Like ZnO and TiO2, as-grown tin oxide exhibits unintentional n-type
doping, with the origin being still in debate. The behavior of hydrogen in SnO2
reveals interesting similarities to ZnO and TiO2. SnO2 crystallizes in the same
structure as rutile TiO2 and has the same atomic configuration of interstitial
hydrogen: the Sn ions are octahedrally coordinated, O forms planar three-fold
sites, and H forms O-H bonds oriented normal to the Sn-O bonding plane [38].
The universal alignment model proposes a shallow donor level (+/−) induced
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by interstitial hydrogen [37,38,155]. Separate first-principles calculations con-
firm the shallow donor nature of Hi [238]. More interestingly, is was predicted
that hydrogen can be incorporated on a substitutional oxygen site forming HO
with multicenter bonds to its three nearest-neighbor Sn atoms [238]. The de-
fect behaves as shallow donor, has low formation energy and is thermally stable
at room temperature in SnO2 [238]. Based on these finding, HO is regarded
as a likely candidate for the unintentional n-type conductivity of the material,
another similarity to ZnO. Note that theory predicts a deep state for HO in
TiO2 [97]. A recent experimental study on hydrogenated SnO2 reveals an O-H
LVM at 3156 cm−1 and several modes in the region 3250–3350 cm−1 [239].
The 3156 cm−1 feature was found to be unstable at room temperature and has
been tentatively assigned to the interstitial hydrogen donor defect [239]. As
to hydrogen in semiconductors, SnO2 seems to be interesting also from a more
fundamental point of view. In fact, to some extent the behavior of hydrogen in
SnO2 may be regarded as “halfway” between ZnO and TiO2: on the one hand,
it has similar structural properties as TiO2; on the other hand, the Sn ions
provide no empty d-shells where electrons can become localized like in the case
of Ti ions described above. The different structural and electrical properties of
HO in ZnO, SnO2, TiO2, and other metal oxides call for further investigations
in order to establish the underlying basic physical generalities which govern
the hydrogen defect formation in these materials.
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